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ABSTRACT 
 This study aims to comprehensively investigate the effect of asphalt mix designs to 
address skid resistance. The current Louisiana Department of Transportation and Development 
(LADOTD) specification for friction design considers only the friction rating of aggregate 
defined by the polished stone value (PSV) obtained by the British pendulum tester (BPT), which 
is associated with only the micro-texture of asphalt pavement surfaces. The objective of this 
study is to recommend an asphalt surface friction mix design guideline which is based on both 
micro- and macro-texture of the wearing course mix. The objective was achieved by evaluating 
four typical laboratory prepared Louisiana asphalt mix designs, each with three different 
aggregate blends. The polishing and texture properties of aggregates were characterized by the 
British pendulum tester, micro-deval test, and aggregate imaging system (AIMS). The micro- 
and macro-texture of the asphalt mix surface were evaluated with a dynamic friction tester (DFT) 
and circular texture meter (CTM) at different polishing cycles and test speeds. The results were 
combined into the International Friction Index (IFI). The DFT measurements were found to be 
sensitive to the coarse aggregate type (micro-texture) and CTM measurements were sensitive to 
the mix design (aggregate gradation). Further, an inventory dataset of locked wheel skid tester 
(LWST) measured field skid-number (SN) was obtained from the LADOTD’s Materials 
Laboratory. The dataset was analyzed to determine the effects of traffic loading, aggregate, and 
mixture types on the measured SN values. The laboratory results indicated that the overall skid 
resistance of an asphalt mixture depends on both micro- and macro-texture, and it is possible to 
design an asphalt mix with the combination of high friction mixture and low friction aggregate or 
vice-versa. The study also showed that blending of low and high friction aggregates together can 
possibly produce an asphalt mixture with an adequate field skid resistance. An attempt was also 
xi 
 
made to estimate the friction threshold values for Louisiana pavements. Finally, a set of 
predictive models were developed to recommend an asphalt friction mix design procedure for 
Louisiana pavements.  
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CHAPTER 1 INTRODUCTION 
1.1 Background 
 Since the early development of the motor vehicle transportation system, government and 
authorities have worked incessantly to improve highway safety by implementing safety 
measures. In recent decades, the need to travel has been increased exponentially due to immense 
economic growth and social advancement.  The number of motor vehicles operating on United 
States highways has also increased significantly, resulting in unprecedented levels of risk for 
highway users.   
 From 1990 to 2003, approximately 6.4 million crashes occurred annually on the United 
States’ highways, which account to approximately 3 million injuries and 42,000 deaths, and the 
estimated cost of highway crashes was $230.6 billion (Noyce et al.,2005; National Highway 
Traffic Safety Administration [NHTSA],2004). According to the National Transportation Safety 
Board (NTSB) and FHWA, approximately 13.5 percent of fatal crashes and 25 percent of all 
crashes occur when pavements are wet (Kuemmel et al., 2000). 
 Despite the complexity of highway crashes, the factors associated with those crashes can 
be summarized into three main categories: driver related, vehicle related, and highway condition 
related (Noyce et al., 2005). Out of these three categories highway agencies can control only 
highway conditions such as; pavement surface characteristics, pavement geometry, traffic 
systems, etc. One of the major reasons behind highway crashes is the low friction between the 
vehicle tire and the pavement surface, especially when pavement surface is wet. 
1.2 Problem Statement 
 The current Louisiana friction guidelines for a wearing course mixture design deals with 
the polished stone value (PSV) of the coarse aggregate, which is a relative British pendulum 
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skid-resistance number measured on polished stones (Road and Bridge Specification LADOTD, 
2002). The basic assumption is that the aggregates with high polished stone value will 
automatically provide high friction or skid resistance for a wearing course mixture. However, the 
field measurement on skid resistance sometimes does not necessarily support that assumption. In 
fact, there are many parameters that may affect the friction resistance of a wearing course 
mixture, and the polished stone value is just one of these parameters. The National Co-Operative 
Highway Research Program (NCHRP) Project 1-43: Guide for Pavement Friction examined 
several friction-influential parameters related to a mixture design (Hall et al., 2009). Among 
them include mixture type, surface texture (micro- and macro- textures), polished stone value 
and other aggregate properties, and binder properties. Obviously, the use of only polish value of 
coarse aggregates as the only friction criteria would have somewhat clouded the fundamental 
issues related to skid resistance.  
 In addition, since very limited highly-skid-resistant aggregates are locally produced in 
Louisiana, such friction guidelines tend to screen out locally available materials by requiring 
imported high skid-resistant aggregates in a wearing course construction, which is usually not 
cost-effective (Dahir, 1979). Therefore, there is a need to re-examine the current friction 
guidelines and develop new guidelines in which more frictional characteristics can be considered 
in a wearing course mixture design. Ideally, the new friction guidelines will allow more locally 
available aggregates to be used in wearing course mixtures. 
1.3 Objective 
 The objective of this study is to develop a Louisiana pavement surface friction guideline 
that can consider polished stone value and mixture type alike in terms of micro- and macro- 
surface textures. 
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1.4 Outline  
 This thesis includes six distinct chapters, including the introduction as chapter 1. The 
general content outline of each chapter is listed below. 
• Chapter 1 Introduction: This chapter provides the background for the importance of 
friction and states problem statement, objective and general outline of this study. 
• Chapter 2 Literature Review: The literature review section summarizes the related 
researches already done in the asphalt surface friction area, along with providing 
definitions of the terminologies used in asphalt friction research. 
• Chapter 3 Methodology: This chapter includes the illustrations and procedures of 
laboratory specimen preparation and various friction tests. The analysis tools and 
methods for lab tests and field data are also described in this chapter. 
• Chapter 4 Analysis and Results: This section provides the description, analysis and 
discussion of laboratory test data. 
• Chapter 5 Evaluation of Field Skid Resistance Data: This chapter includes the assessment 
of field skid resistance test data. Different aggregate and mix types have been illustrated 
in terms of their friction performance. Also, the aggregate and mix property effect on skid 
resistance have been analyzed.    
• Chapter 6 Development of Friction Design Guideline: This chapter discusses a set of 
relationships developed after the analysis done on the laboratory and field friction test 
data, and includes new friction design guidelines for Louisiana asphalt pavements. 
• Chapter 7 Conclusions and Recommendations: This includes the summary, conclusions 
and future recommendations of this study. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Pavement Friction 
 Pavement friction is defined as the resisting force developed between a vehicle tire and 
the pavement surface, which always acts in the opposite direction of the vehicle motion. 
Pavement surface friction provides safety while driving on pavements and plays a critical role in 
reducing wet-pavement friction (FHWA 1980; Li et al, 2005).    
 Skid resistance is the friction force developed at the contact area of tire and pavement 
(Noyce et al., 2005). Skid resistance is the pavement friction that resists sliding of vehicle tires 
on pavement surfaces. One of the common skid resistance measuring devices is locked wheel 
skid tester (LWST) which gives the skid resistance or skid number (SN) of the pavement surface. 
According to ASTM committee E17, skid resistance is defined as the retarding force generated 
by the interaction between a pavement and a tire under a locked non-rotating condition (Henry et 
al., 2000). LADOTD uses the LWST machine to measure the surface friction of the pavements in 
Louisiana. 
 Several factors contribute to develop friction at the tire-pavement interface and can be 
grouped into four major types: pavement surface characteristics, vehicle operating parameters, 
tire properties, and environmental factors. The friction influencing factors are given in Table 2.1 
(Wallman et al., 2001; Sandberg et al., 1997; Kummer et al., 1966).  
2.2 Pavement Friction Mechanism 
 Pavement friction is a resistive force which is generated when a tire rolls or slides on the 
pavement surface. Pavement friction is developed due to the tire-pavement interaction at the 
contact surface. The friction force developed at the contact surface depends upon the tire 
properties. The friction force developed by rubber (tire) is comprised of two main components 
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called adhesive and hysteresis (Moore, 1972). Those two components are shown in Figure 2.1 
(Hall et al., 2009).  
• Adhesion 
 Adhesion is the friction force developed by shearing between tire and pavement at the 
contact area (Zimmer et al., 2003; Choubane et al., 2004). This friction force is mainly 
contributed by the micro-texture (surface roughness) of the road pavement because it is 
developed at tire-pavement interface. The small scale bonding and interlocking between rubber 
and pavement aggregate gives rise to the adhesion mechanism. At the typical driving speed 
adhesion accounts for two third of friction resistance developed at the tire-pavement interface 
(Hogervorst, 1974). 
Table 2.1 Factors Affecting the Pavement Friction (Hall et al., 2009) 
Pavement 
Surface 
Characteristics 
Vehicle Operating 
Parameters 
Tire Properties Environment 
• Micro-texture 
• Macro-texture 
• Mega-texture 
• Unevenness 
• Material 
properties 
• Temperature 
• Thermal 
conductivity 
 
• Slip speed 
• Vehicle speed 
• Braking action 
• Driving maneuver 
• Turning 
• Overtaking 
 
 
• Foot  print 
• Tread design and 
condition 
• Rubber composition and 
hardness 
• Inflation pressure 
• Sliding velocity 
• Load 
• Temperature 
• Thermal conductivity 
• Specific heat 
• Climate 
• Wind 
• Temperature 
• Water (rainfall, 
condensation) 
• Snow and ice 
• Contamination (fluid) 
• Anti-skid material (salt, 
sand) 
• Dirt, mud , debris 
• Viscosity 
• Density 
• Film thickness 
• Temperature 
• Thermal conductivity 
• Specific heat 
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Figure 2.1 Adhesion and Hysteresis Mechanism of Tire-Pavement Friction (Hall et al., 
2009) 
• Hysteresis  
 Tire rubber stores deformation energy when the tire compresses against the pavement. 
When the tire comes to the state of relaxation, part of the energy stored is recovered, while part 
of the energy is lost. This loss of energy induces the friction force which is called hysteresis 
(Linder et al., 2004). The hysteresis is mainly dependent on the macro-texture (surface 
roughness) of the pavement, since the tire makes an envelope surface at the tire-pavement 
interface (Hall et al., 2009).    
 Other components also contribute to the total friction force such as tire rubber shear, but 
they are insignificant in comparison with adhesion and hysteresis. The sum of these two 
components account for the total friction developed in the interface of tire-pavement interface.   
 Depending upon the direction of force, pavement friction force can be divided into 
longitudinal and lateral frictional forces. The longitudinal force acts in the longitudinal direction 
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of the pavement surface while the vehicle tire is in free rolling or constant brake mode, whereas 
the lateral force acts lateral to the vehicle tire. The relative speed between the circumference of 
the tires and pavement is known as slip speed. In the free rolling condition, the slip speed is zero; 
while in the constant braked or locked mode, the slip speed reaches to the maximum.  Equation 
2.1 describes slip speed (Meyer, 1982). 
																																																			    	    0.68  		  																																																	2.1  
where:      = Slip speed mph;                        
                 = Vehicle speed mph;     
               	= Average Peripheral Speed of the tire, mph;     
                 = Angular velocity of tire, radians /sec, and         
                  = Average radius of the tire, ft. 
 Slip ratio is defined as the ratio of slip speed to the vehicle speed. The slip ratio is zero 
when the tire is in free rolling condition since  is equal to	. The slip ratio is 100% when the 
tire is locked, since  is zero, illustrated by Equation 2.2 (Meyer, 1982). 
      100  	

  100																																																										2.2 
where:     = Slip ratio, percent;                      
                   = Vehicle speed, mph;      
     															= Average peripheral Speed of the tire, mi/hr; and       
                   = Slip speed mi/hr.  
 The coefficient of friction between the tire and road surface varies with the increasing 
slip, as shown in Figure 2.2 (Henry, 2000). The coefficient of friction first rises to a peak level 
with increasing slip and then decreases. Increased slip ratio means increased breaking. The 
maximum coefficient of friction occurs just after applying the brake, usually between 10 to 20 
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percent of slip. Then, the coefficient of friction decreases to a value referred to as the sliding 
coefficient of friction, occurring at 100 percent slip. The difference between peak friction and 
sliding value of friction may be up to 50% of the sliding value (Henry, 2000; Hall et al., 2009). 
 
Figure 2.2 Pavement Friction Vs. Tire Slip (Henry, 2000) 
 Various researchers have attempted to establish relationships between pavement friction 
and texture of pavement surface. Yandell and Sawyer (1994) illustrated the effect of texture 
shape on the hysteresis friction. Forster (1989) showed that pavement friction can be explained 
by micro-texture with the help of linear regression analysis. Roberts (1988) showed that material 
properties and the separation velocity are the causes of friction force and energy dissipation 
between the tire and pavement surface. 
2.2.1 Pavement Surface Texture  
 Pavement surface texture is defined as the asperities present in the pavement surface 
(Kummer et al., 1963). The asperities are measured as the deviation of the surface from the true 
planar surface (Noyce et al., 2005). Those deviations can be further defined by wavelength () 
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and peak to peak amplitude (A) of aggregate asperities.  The pavement surface can be 
characterized by three levels of textures viz. Mega-texture, macro-texture and micro-texture 
(Dewey et al., 2001). The pavement texture with an amplitude more than 2 in. is called 
unevenness or roughness.  The wavelength () and amplitude for different types of textures are 
listed below (Hall et al., 2009): 
Roughness/Unevenness: > Mega-Texture 
Mega-Texture:  20>  > 2 in.   Amplitude : 0.005 to 2 in (0.1 to 50 mm)  
Macro-Texture:   2 >  > 0.02 in.      Amplitude : 0.005 to 0.8 in (0.1 to 20 mm) 
Micro-texture:     < 0.02 in. (0.5 mm)    Amplitude: 1 to 500 µm): It is the degree of roughness 
given by an individual aggregate particle. 
 Out of these three types of texture, the micro- and macro-textures are the predominant 
features shown in Figure 2.3 for the road pavement friction (ASTM E 867). The micro-texture is 
associated with the irregularities at the aggregate surface and is a function of aggregate particle 
mineralogy (Noyce et al., 2005). The micro-texture is significant at slow vehicle speeds, as it is 
believed to cause adhesion between the tire and pavement surface, whereas macro-texture is 
responsible for hysteresis friction and hydroplaning (Noyce et al., 2005). Hydroplaning is the 
obstruction of passage of water at the pavement-tire interface through the tread of the tire 
(Moore, 1975).  
 The macro-texture is associated with large irregularities corresponding to the voids 
between aggregates, as shown in Figure 2.3. The macro-texture can be related to the gradation of 
aggregate in the mix design. It is also dependent upon the wearing course placement techniques 
on the road surface (Noyce et al., 2005; National Asphalt Pavement Association (NAPA), 1996). 
The macro-texture of an asphalt mix’s wearing course asphalt mix can be related to the mix 
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design (Masad et al., 2009).  Also, adequate macro-texture is important to reduce hydroplaning 
on the pavement surface by quickly draining out the accumulated water and it is related to the 
hysteresis component of pavement friction. The different characteristics of textures by the 
wavelength are illustrated in Figure 2.4 (Hall et al., 2009). 
Figure 2.3 Microscopic View of Pavement Surface Showing Micro- and Macro- 
Texture 
Figure 2.4 Texture Wavelength effect on surface characteristics (Hall et al., 2009) 
11 
 
 Peak brake coefficients of a standard test tire are related to the micro- and macro-texture 
of the pavement surface (Bond et al., 1976). Further, Leu and Henry (1978) showed that skid 
resistance of different pavements are different based on their micro- and macro-texture. Davis et 
al. (2002) illustrated the significance of mixture property on the skid resistance measurement and 
laser profile mean texture depth measurements and stated that the frictional properties of surface 
course can be predicted by HMA mix design.  However, Horne and Buhlmann (1983) showed 
that the surface friction measurements are not represented well by pavement texture. Table 2.2 
shows the factors affecting micro- and macro-texture of asphalt pavement mix design. Among 
several factors, the micro-texture is affected by only coarse aggregate type. 
Table 2.2 Asphalt Mix Design Factor Affecting Pavements Micro- and Macro-Texture 
(Sandberg, 2002; Henry, 2000; Rado, 1994; PIARC, 1995; AASHTO, 1976) 
 
Figure 2.5 Schematic Plot of Micro- and Macro-Texture Effect on Pavement Friction 
(Noyce et al., 2005) 
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 The micro- and macro-texture both influence the change in skid resistance with vehicle 
speeds (Hogervorst, 1974).  As illustrated in Figure 2.5, the macro-texture influences the skid 
resistance at high speed by reducing the friction-speed gradient, and facilitating the drainage of 
water, whereas micro-texture controls the level of skid resistance at low speed (Gallaway and 
Rose, 1972; Hall et al., 2006). An average texture depth of about 0.5 mm (0.02 in.) is required as 
a minimum texture depth to ascertain the drainage of water beneath the tire (Bloem, 1971). 
Hydroplaning on the pavement surface is also affected by the micro-texture (Pelloli 1972; 
Moore; 1975, Bond et al., 1976; Horne, 1977; Ong et al., 2005). Goodman et al. (2006) showed a 
good correlation between the macro-texture measured in the field using the sand patch method 
and the gyratory compacted specimens. However, Sullivan (2005) stated there is no laboratory 
method to predict field texture. 
2.2.2 Friction Measurement 
 Pavement texture measurement has been a common practice in recent years (Abe et al., 
2000; Henry, 2000). Henry and Liu (1978) stated that the British pendulum test (BPT) numbers 
can be used to represent micro-texture. BPT provides only the measure of frictional property of 
aggregates and pavement surfaces at low speed (Saito et al., 1996). However, some researchers 
showed that BPT performance was unreliable when tested on coarse textured pavement surfaces 
(Forde et al., 1976; Salt, 1977; Purushothaman et al., 1988). The dynamic friction tester (DFT) is 
also used to measure the surface texture of a pavement. At slow speed DFT results give good 
representation of micro-texture and can be strongly correlated with BPT results (Saito et al., 
1996). 
  Circular texture meter (CTM) is a relatively new macro-texture measuring device based 
on laser profiling and measures the mean profile depth (MPD) of the pavement surface (Henry et 
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al., 2000; Abe et al., 2000; Noyce et al., 2005). Traditional macro-texture measuring devices 
such as outflow meter (OFT), sand patch method etc. use volumetric techniques to measure 
macro-texture. Masad et al. (2005) introduced the aggregate imaging system (AIMS) which is a 
direct texture measuring system using a microscope and digital image processing.  
 The polishing resistance under the traffic loading is a highly desirable property of 
aggregates used in wearing course mixture design (Whitchurst and Goodwin, 1955; Nichols et 
al., 1957; Gray and Renninger, 1965; Balmer and Colley, 1966; Csathy et al., 1968; Moore, 
1969; Bloem, 1971; Hall et al., 2009). Nitta et al. (1990) suggested that changes in mixture 
components such as binder content, fine aggregate source, and coarse aggregate gradation do not 
significantly affect the polish susceptibility.  Different aggregate types have different abilities to 
maintain their micro-texture against polishing (Kowalski, 2007). Coarse aggregate angularity and 
abrasion resistance have a significant effect on skid resistance in pavements (Masad et al., 2005). 
Also, pavement temperature has a significant effect on pavement frictional properties (Flintsch et 
al., 2005). 
 Table 2.3, 2.4, and 2.5 show the comparison between the different laboratory devices to 
measure friction, texture, and polishing (McDaniel and Coree, 2003). LADOTD primarily uses 
locked wheel skid tester (LWST) (ASTM E 274) for measuring field skid resistance. Further, 
field devices to measure friction can be divided into four main categories depending upon the 
slip speed of operation as given below: 
• Locked Wheel Skid Test Machine (LWST): LWST Trailer.  
• Side Force Test Machine: Mu-Meter, British SCRIM.  
• Fixed Slip Machine: Airport Surface Friction Tester (ASFT), U.K. Griptester, Finland BV-
11, Road Analyzer and Recorder (ROAR), etc.  
• Variable Slip Machine: French IMAG, RUNAR, ROAR and SALTAR systems. 
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Table 2.3 Devices for Testing and Evalauation of the Surface Friction of Aggregate and Mixes (McDaniel and Coree, 2003) 
 
 
Device 
About 
Device 
Properties Strengths Weaknesses 
Specs/used 
by 
British 
Pendulum 
Tester (BPT) 
Pendulum 
arm 
Measures the friction 
resistance by evaluating the 
kinetic energy loss when 
the arm rotates and rubs the 
surface 
Portable. Very simple. 
Widely used 
Small area to test. 
Variable quality of 
results. Cumbersome 
and sometimes 
ineffective 
calibration. 
 
ASTM 
E303 
Michigan 
Laboratory 
Friction Tester 
Rotating 
wheel 
One wheel is brought to a 
speed of 40 mph and 
dropped onto the surface of 
the sample. Torque 
measurement is recorded 
before wheel stops 
Good measure of the 
tire/surface 
interaction. 
Similar to towed 
friction trailer 
Poor measurement of 
pavement 
Macro-texture. 
History of use on 
aggregate only 
MDOT 
Dynamic 
Friction Tester 
Rotating 
slide 
Measures the coefficient of 
friction 
Laboratory or field 
measurements of 
micro-texture 
N/A 
ASTM 
E1911 
North Carolina 
Variable Speed 
Friction Tester 
Pendulum 
type 
testing 
device 
Pendulum with locked 
wheel smooth rubber tire at 
its lower end 
Can simulate different 
vehicle speeds 
Uneven pavement 
surfaces in 
the field may provide 
inaccurate 
results 
ASTM 
E707 
PTI Friction 
Tester 
Rubber 
slider 
Rubber slider is propelled 
linearly along surface by 
falling weight 
Tests in linear 
direction 
Companion to Penn 
State 
Reciprocating 
Polisher. Fallen 
into disuse. 
Formerly by 
PTI 
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Table 2.4 Devices for the Evaluation of the Surface Texture of Mixes (McDaniel and Coree, 2003) 
Device About device Properties Strengths Weaknesses Specs/used by 
Sand Patch 
Sand spread over 
circular area to 
fill surface voids 
Measures mean texture 
depth over covered area 
Simple 
Cumbersome. Poor 
repeatability. Average depth 
only. 
ASTM E965 
Grease Patch 
Grease spread over 
surface 
Measures mean texture 
depth over covered area 
Simple 
Cumbersome. Poor 
repeatability. Average depth 
only. Not widely used. 
NASA 
Silicone 
Putty 
Method 
Silicone putty 
pressed onto surface 
Measures mean texture 
depth over covered area 
Simple 
Cumbersome. Poor 
repeatability. Average depth 
only. Not widely used. 
TTI 
Outflow 
Meter 
Water flows from 
cylinder through 
surface voids 
Estimates average texture Simple. Quick. For non-porous surfaces only. FHWA 
Dromometer Stylus traces surface 
Lowers a tracing pin, that 
creates a profile of the 
specimen surface 
Can measure both 
micro- and macro-
texture 
Can only be used on small 
areas of pavement 
_____ 
Surtronix 
3+Profilometer 
Stylus traces profiles 
Horizontal  Res = 1 µm 
Vertical Res = 0.001 µm 
Traverse Length = 25.4 mm 
Can read micro 
and macro-texture 
Can only be used on small 
areas of pavement 
_____ 
Circular Track 
Meter 
Laser based 
Laser mounted on an arm 
that rotates on a 
circumference of 142 mm 
and measures the texture 
Used with DFT 
can calculate IFI. 
Fast. Portable. 
Repeatable. 
Measures small area. 
Relatively new. 
ASTM 
E2157 
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Table 2.5 Devices for the Accelerated Polishing of Mix Surface (McDaniel and Coree, 2003) 
 
Device About device Properties Strengths Weaknesses Specs/used by 
British 
Polishing 
Wheel 
Wheel for 
polishing 
away 
macro-texture 
Curved aggregates 
specimens polished by a 
rotating wheel. 
Accelerated polishing 
for lab testing. Bench 
sized. 
Coarse aggregate 
coupons only. 
Does not affect 
macro-texture or 
mix properties 
ASTM 
D3319 
Michigan 
Indoor Wear 
Track 
Large 
circular 
track 
Wheels centered around 
pivot point, move in 
circle around track 
Close to real world. 
Track is very large 
and cumbersome. 
Time consuming 
sample preparation. 
Used for 
aggregate only 
MDOT 
NCSU 
Polishing 
Machine 
4 wheels 
rotate 
around 
central 
pivot 
Four pneumatic tires are 
adjusted for camber and 
toe-out to provide 
scrubbing action for 
polishing 
No need for water or 
grinding compounds, 
can polish aggregate 
or 
mixes 
Polishes a relatively 
small area 
or few number of 
samples 
ASTM E660 
NCAT 
Polishing 
Machine 
3 wheels 
rotate 
around 
central 
pivot 
Three pneumatic tires 
are adjusted for camber 
and toe-out to provide 
scrubbing action for 
polishing 
Sized to match DFT 
and CTM. 
New device 
developed by 
NCAT based on older 
devices. 
NCAT 
Penn State 
Reciprocating 
Polishing 
Machine 
Reciprocating 
pad 
Reciprocates rubber pad 
under pressure against 
specimen surface while 
slurry of water and abrasive 
is fed to surface. 
Portable. Can be used 
to polish aggregate or 
mix in lab or field. 
Polishes a relatively 
small area. 
Oscillation obliterates 
directional polishing. 
Fallen into disuse. 
ASTM 
E1393 
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• Locked Wheel Skid Tester (LWST) 
This machine is commonly known as locked wheel skid trailer (ASTM E 274). The 
device is installed on a trailer which is towed behind the measuring vehicle at a typical speed of 
30, 40 or 50 mph. A layer of water, 0.02 in. thick is applied on the pavement surface in front of 
the test tire during the test. It measures the resistive drag force, and the measured data are 
averaged for 1 to 3 seconds after the wheel is locked. The measurements are repeated after the 
wheel reaches a free rolling state again. In this test both smooth (ASTM E 524) and ribbed 
(ASTM E 501) tires can be used. 
The measured resistive drag force and applied wheel load is used to compute the 
coefficient of friction. The friction number is reported as a friction or skid number. This machine 
cannot be used in the curved segments but it is a well-developed and most used machine for 
friction measurement in U.S.   
 
 
 
 
 
 
 
 
 
Figure 2.6 Locked Wheel Skid Trailer (LWST) 
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2.3 Friction Models 
 Moyer (1934) was the first to recognize that the pavement friction decreases with 
increasing speed. Since then several models have been formulated to determine the pavement 
friction. The most commonly used methods are the 
      Penn State Model, 
      Rado Model, and 
      IFI (PIARC) Model. 
• The Penn State Model 
 The Penn State Model provides the relationship between friction and slip speed with an 
exponential function (Leu and Henry, 1978).        
                                             μ  μ	e

                                                              (2.3) 
where:  µ      = Coefficient of Friction; 
             						= Intercept of friction at zero speed; 
             S       = Slip speed; and  
             PNG = Percent Normalized Gradient. 
Further, PNG is a constant and highly correlated with macro-texture (Leu and Henry, 1978) and 
defined as; 
                                        PNG	  	 !" 	
#"
#                                                              (2.4) 
where:      
$%
$&  = Speed Gradient. 
• The RADO Model 
 According to the Rado Z. (Analysis of Texture Profiles, PTI Report, 1994) model, a tire 
under braking shifts from a free rolling condition to a locked condition. In this process the 
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friction increases from zero to peak level and then decreases to locked wheel friction. The 
uprising proportion of the slip speed curve is related to the tire properties whereas the curve after 
the peak is dependent on the pavement properties. Considering these characteristics of friction, 
Rado developed a model for the friction which is: 
                                           	 	 '()*	+,-
./0/02345
6 7
8
                                                         (2.5) 
where:      '()*	 = Peak friction level; 
      S            = Vehicle Speed; 
                9'()*	   = Slip speed at the peak (typically about 15% of vehicle speed) (km/hr); and 
                 c          = A shape factor related to the harshness of the texture. 
• International Friction Number (IFI) (PIARC Model) 
 To harmonize the friction measurements by different devices, the World Road 
Association (PIARC) performed an experiment in Belgium and Spain in 1992 and came up with 
a new friction index, International Friction Index (IFI) (Wambold et al., 1995). The IFI consists 
of two numbers that describe the skid resistance of pavement: speed constant (Sp) and friction 
number F(60).The general notation for IFI is IFI (F(60), Sp). The number 60 in friction number 
F(60) denotes the test vehicle speed of 60 km/hr, though IFI can represent friction at different 
test speeds. The speed constant (Sp) is correlated with the result of a macro-texture measurement 
(Wambold et al., 1995);   
																																																														  	: ; <	  	=>                                                               (2.6) 
where:      Sp = IFI speed number; 
                 a, b = Calibration constants dependent on the method used to measure macro-texture, 
For Mean Profile Depth (MPD) (ASTM E 1845), a=14.2 and b=89.7                
For Mean Texture Depth (MTD) (ASTM E 965), a=-11.6 and b=113.6; and 
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               TX = Macro-texture (MPD or MTD) measurement, mm.          
                            												?60  ? 		+		
@AB
@C                                                                 (2.7) 
where:    ?60= Adjusted value of ? at a slip speed of S to a slip speed of 60km/hr; 
                ? = Friction value at selected slip speed S; and 
                        S = Selected slip speed km/hr. 
                                     ?60  D ; E  ?60 	 	F  =>                                                 (2.8) 
where:  ?60 = IFI friction number obtained from equation 2.7; and  
                 A, B = Calibration constant depends upon friction measuring device. 
 The DFT and CTM results can be combined to calculate IFI for the mix slabs to evaluate 
their frictional resistance in terms of both micro- and macro-texture. A number of studies have 
already been done on the evaluation of IFI and its relationship with other friction test values. 
This very approach is adopted in this study to evaluate the frictional property of different mixes 
and to establish the relationship between DFT, MPD, and IFI values. This relationship can serve 
as guidelines to the friction design for different mix types and aggregate blends.  
2.4 Mixture Friction Design 
 Russell developed a model to estimate friction number from asphalt material properties, 
age, traffic, and climate (Wambold et al., 1995). The model is presented as Equation 2.9. 
                         FN  41.4  0.00075DL  1.45	lnLAVP R 0.245LAWEAR	                    (2.9) 
where:   FN = Friction Number calculated with LWST at 40 mph; 
                D = Percent composition of dolomite in the mix; 
         LAVP = Lane Accumulated Vehicle Passes; and 
  LAWEAR = Los Angeles Wear Percentage.  
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 Flintsch et al (2003) investigated the effect of mixture design on friction outcome and 
came up with relationships to predict speed number (Sp) and IFI [F(60)] with mixture design 
data. The study conducted DFT and CTM tests on twelve different HMA wearing coarse mix 
designs. The relationships are given below as Equations 2.10 and 2.11. 
                               Sp = -270.0+28.3NMS+6.79VMA                                                      (2.10) 
Coefficient of Determination (R2) = 0.965 
where:        Sp = Speed Number to Calculate IFI; 
              NMS = aggregate nominal maximum size; and 
             VMA = voids in the mineral aggregate (%) 
       F60 = 0.381890.02962Tire+0.01295Binder+0.00911PP200+0.00897VTM    (2.11)  
Coefficient of Determination (R2) = 0.412 
where:  F(60)   = International Friction Index (IFI);  
 Tire     = Type of tire used in the testing (0, 1), 0 = Smooth and 1= Ribbed tire; 
 Binder = Binder code (-1 for PG 64-22, 0 for PG 70-22, and 1 for PG 76-22); 
 PP200 = Percentage of material passing the #200 sieve (mm); and 
 VTM  = Total voids in the mixture. 
 Sullivan (2005) showed that the design vehicle stopping distance can be expressed as a 
function of both micro- and macro-textures of a design surface mix. Sullivan (2005) performed a 
study of 17 different asphalt mixture samples, including Superpave, SMA, and OGFC mixture 
designs, to develop an IFI [F(60)] prediction model. In this study, weighted distance from 
maximum density line for aggregate gradation and binder content were used to calculate MPD 
(macro-texture) and speed number (Sp), whereas PSV value from BPT was used as micro-
texture. The prediction model for F(60) is given as Equation 2.12 (Sullivan, 2005). 
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                                F60  0.008  PSV  exp Y,Z[\ ] ; 0.056								                                    (2.12) 
where:  F(60) = International Friction Index (IFI); 
              PSV = Polish Stone Value after polishing slabs with NCAT polishing machine; and 
              Sp    = Speed Number. 
 Masad et al. (2009) reported that the friction outcome of an asphalt mix can be controlled 
and predicted with aggregate and mix properties. In their study, they suggested a regression 
equation to predict IFI[F(60)] for asphalt pavements based on aggregate gradation and resistance 
to polishing. The polishing effect on aggregate was analyzed with micro-deval and AIMS test 
results. The study included a comprehensive analysis of DF20, initial and terminal F(60) and their 
correlation with BPT and Micro-Deval test results. They showed that F(60) increases with an 
increase in BPT and micro-deval texture values. Equation 2.13 was proposed as a relationship to 
predict F(60) with mix, aggregate and traffic properties (Masad et al., 2009). 
                          F(60) = (amix + bmix) × exp(- cmix×N) - amix× exp(-cmix×N) + amix                  (2.13) 
where: F(60) = International Friction Number at speed 60 km/hr; 
 N = Number of increments of 1,000 polishing cycles (No. of polishing cycle /1000); and   
                       amix = Terminal F(60) = (18.422 + λ) / (118.936 - 0.0013 + AMD
2)                (2.14)  
          (amix + bmix) = Initial F(60); 
                        =0.4984×ln(5.656×10-2×(aagg+bagg)+5.846×10
-2× λ - 4.985×10-2×k) + 0.8     (2.15) 
                   cmix = Rate of change of F(60); 
                           = 0.765 × exp(-7.297×10-2/cagg)                                                                    (2.16) 
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where:             λ, k = Weibull distribution scale factors for aggregate gradation;  
          AMD = Aggregate texture with AIMS after Micro-Deval test; and 
  aagg, bagg, and cagg = Regression constants of Equation 2.15 (Mahmoud, 2005; Luce, 2006). 
                                AIMS-Texture = aagg + bagg × exp(-cagg × t)                                             (2.17) 
where:       AIMS-Texture = Texture value obtained by AIMS; 
    aagg, bagg and cagg = Regression constant; and 
                             t = Time in Micro-Deval test. 
 In the second phase of their study, Masad et al. (2010) performed a field study to evaluate 
LWST skid numbers with DFT and CTM test results. This study was performed in relationship 
with their first phase laboratory study (Masad et al., 2009). The study showed that the skid 
number is affected by macro-texture for dense graded mixes, whereas porous friction coarse 
(open graded) mixes are affected by the micro-texture property of the mix. They also suggested 
that the initial pavement micro-texture is dependent upon aggregate type and DF20 results can be 
correlated with skid number for different asphalt mixes, whereas DFT at high speed (80 km/hr) 
can be correlated with skid number for only dense graded mixes. Further, the study proposed a 
relationship (Equation 2.18) to predict field skid number (SN50) by LWST with DFT and CTM 
results (Masad et al., 2010). The study has estimated relationships for aagg, bagg, and cagg. 
                              SN50 = 5.135 + 128.486×(IFI0.045)×exp(-20/Sp)                                   (2.18) 
where: SN50 = Skid number from LWST at speed 50 mph; 
    IFI = International Friction Number; and 
     Sp = Speed constant.         
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The same study by Masad et al. (2010) also proposed a relationship (Equation 2.19) to calculate 
MPD from aggregate gradation.  
                            MPD = 1.8 – (3.041/λ) – (0.382/k2)                                                             (2.19) 
where:  λ and k = Weibull distribution scale factors for aggregate gradation; and 
                MPD = Mean Profile Depth from CTM. 
 Emery et al (1982) developed a friction prediction model relating friction number with 
pavement age, accumulated traffic level and mix properties (aggregate polish resistance, 
Marshall sample air content, Marshall sample stability and flow). In another study researchers 
suggested a pavement surface friction model based on mix gradation and changes in aggregate 
micro-texture (Luce et al. 2007).   
2.5 Blending of Aggregates 
 Hall et al. (2009) evaluated the status of micro- and macro-texture for the desired friction 
demand for pavement sections. Figure 2.7 suggested by Hall et al, indicates that it might be 
economically possible to achieve the same level of pavement friction by blending different 
aggregate type (micro-texture) with mixture type (macro-texture). The viewpoint in this factorial 
design is to evaluate the effect of blending of low friction aggregate with high friction aggregate. 
Further, Figure 2.8 clearly explains that with combination of both micro- and macro-texture a 
less skid resistant aggregate may be used in a wearing coarse mixture and a higher friction 
demand may be achieved through choosing a more friction resistance mixture type (e.g. OGFC 
or SMA) (Stephens et al., 1960; Kamel and Musgrove, 1981; Sullivan, 2005). 
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Figure 2.7 Example Illustrations of Matching Aggregate Sources and Mix Types/Texturing 
Techniques to Meet Friction Demand. 
 
 
 
Figure 2.8 Illustration of Vehicle Response as Function of PSV and MPD 
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Figure 2.9 Typical Ashby’s Chart of Variation in PSV of Limestone/Sandstone Blend 
(Ashby, 1980) 
 Ashby (1980) conducted a study on PSV variation of different blends of aggregates. The 
study evaluated different combinations of aggregate with varying coarse aggregate percentages. 
The study concluded that it might be economically possible to achieve adequate surface friction 
by blending low friction and high friction aggregate (Ashby, 1980). Further, these study results 
can be used to determine different aggregate blends PSV for the Louisiana aggregates. One 
typical PSV variation chart for limestone/sandstone blends is shown in Figure 2.9 (Ashby,1980). 
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  The NCHRP 1-43 provides another illustration in which the requirement of DFT (20 
km/hr) (micro-texture) for corresponding MPD (macro-texture) and vice-versa can be evaluated 
for a desired friction level, as shown in Figure 2.10 (Noyce et al., 2005; Khasawneh et al., 2008; 
Hall et al, 2009). This study has also established a correlation between DFT(20) and F(60) for 
the specified MPD values to evaluate the choice of mix design for specified friction levels 
corresponding to specific micro- and macro-texture.  
Further, IFI[F(60)] can be used to make an assessment of the friction and texture 
measurements to determine if micro- or macro-texture, or both, are inadequate and in need of 
improvement for specified pavement sections (Hall et al., 2009). Figure 2.11 illustrates a 
conceptual chart to estimate micro- and macro-texture deficiencies.  
Figure 2.10 Combination of DF20 and MPD Needed to Achieve a Design Friction Level 
(Hall et al, 2009) 
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Figure 2.11 Determination of Friction and/or Texture Deficiencies Using IFI (Hall et al., 
2009) 
  
 Figure 2.12 shows the conceptual relationship between friction demand and friction 
availability for wet pavements and indicates that an increase in speed results in an increase in 
friction demand and a decrease in available surface friction (Glennon, 1996). 
 
 
 
 
 
 
 
 
Figure 2.12 Relationship between Friction Demand, Speed, and Friction Availability 
(Glennon, 1996) 
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2.4 Friction Guidelines 
 Different states’ DOTDs employ different guidelines to satisfy the friction demand of 
pavement sections. LADOTD performed a brief survey on the other state DOTDs’ methods and 
guidelines for friction design of wearing course. A majority of state DOTDs showed an absence 
of friction guidelines and consideration of only past performance of aggregate types in fulfilling 
the friction requirement. The result of the survey is attached in Appendix B.   
 The current LADOTD friction design specification is solely based on the friction rating 
of aggregates and does not evaluate the mix types. The current guideline, as described in Table 
2.6, fails to address the overall texture property of asphalt surfaces. The specification 
recommends that the friction rating I and II aggregates can be used in any wearing courses 
without considering mix design. Further, the LADOTD definitions of friction ratings are 
presented in Table 2.7. It should be noted that the friction ratings are based only on PSV 
obtained by BPT, which mainly represents micro-texture of the aggregate surface (Henry and 
Liu, 1978). Also, LADOTD specification does not address the surface texture requirement for 
the asphalt pavements. These guidelines permit a minimum of 30% of friction rating I or 50% of 
friction rating II to blend with friction rating III aggregate for pavements having an ADT greater 
than 7000.   
 Dupont and Bauduin (2005) recommended a macro-texture based surface friction design 
guideline for the French National Highway Administration. The study, as described in Table 2.8, 
provides a range of macro-texture values to be evaluated for the friction design of wearing 
courses. This specification provides macro-texture values for different types of pavement 
sections, which relates friction to the mixture design. 
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Table 2.6 LADOTD Aggregate Friction Rating (LADOTD, 2008) 
1 When plan current average daily traffic (ADT) is greater than 7000, blending of friction rating 
III aggregates and friction rating I and/or II aggregates will be allowed for travel lane wearing 
courses at the following percentages. At least 30 percent by weight (mass) of the total aggregates 
shall have a friction rating of I, or at least 50 percent by weight (mass) of the total aggregate shall 
have a friction rating of II. The frictional aggregates used to obtain the required percentages shall 
not have more than 10 percent passing the No. 8 (2.36 mm) sieve. 
2 When the average daily traffic (ADT) is less than 2500, blending of friction rating IV 
aggregates with friction rating I and/or II aggregates will be allowed for travel lane wearing 
courses at the following percentages. At least 50 percent by weight (mass) of the total aggregate 
in the mixture shall have a friction rating of I or II. The frictional aggregates used to obtain the 
required percentages shall not have more than 10 percent passing the No. 8 (2.36 mm) sieve. 
 
 
Table 2.7 Definition of Friction Ratings (LADOTD, 2008) 
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Table 2.8 French Specification for Texture Demand Values (Dupont and Bauduin, 2005) 
 
2.5 Pavement Friction Threshold 
 The Guide for Pavement Friction has suggested three methods to define investigatory and 
intervention levels of friction for different pavement sections (Hall et al., 2009). The 
investigatory level of friction is defined as the alarm at which the specified section needs regular 
assessment of friction monitoring, whereas the intervention level refers to the immediate need of 
friction rehabilitation.  
 Out of three methods recommended by the Guide for Friction to determine threshold 
value of friction, method 1 suggests establishing the intervention and investigatory levels by 
drawing the age vs. skid resistance plot. The investigatory level is set when the slope of the skid 
resistance starts to decrease significantly and the intervention level is set as either “skid number 
– 5” or 10% less than the investigatory level. The second method uses the age vs. skid resistance 
and the crash rate plot together. The investigatory and intervention levels are plotted by 
overlapping these two curves. The point on the crash rate curve at which the rate increases 
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significantly is set as the intervention level and the point at which the skid resistance drops 
significantly in the age vs. skid resistance plot is set as the investigatory level. The third method, 
as shown in Figure 2.13, uses the distribution of skid resistance data according to number of sites 
and the crash rate plot together. The investigatory level is set at a point “mean skid resistance – 
multiple of standard deviation” of the skid resistance distribution whereas the intervention level 
is set at some point behind the investigatory level which shows high crash rates and can be 
economically feasible to the transportation agency to perform rehabilitation.  
Figure 2.13 Setting of Investigatory and Intervention Levels Using Pavement Friction 
Distribution and Crash Rate–Friction Trend (Hall et al., 2009) 
 
 
 
 
 
 
33 
 
CHAPTER 3 METHODOLOGY 
3.1 Laboratory Testing Program 
 A comprehensive laboratory testing program was designed in this study to evaluate the 
effects of different aggregates and asphalt mix types on pavement friction characteristics. Two 
aggregate sources and four typical Louisiana wearing course mix types were selected for the 
purpose of the research, which results into a total of 12 different asphalt mixtures. Laboratory 
tests were conducted to determine the polishing and frictional properties for both aggregates and 
asphalt mixtures. A description of the laboratory experimental design, selected mixtures and 
materials, and laboratory testing procedures are presented below.    
3.1.1 Materials and Mix Design 
 Four typical Louisiana wearing course HMA mix types were considered in this study, 
namely, a 19-mm Superpave Level-II mix, a 12.5-mm Superpave Level-II mix, a stone matrix 
asphalt (SMA) mix, and an open graded friction coarse (OGFC) mix. Three different HMA 
mixtures were designed in the laboratory for each mix type, resulting in 12 HMA mixtures. Each 
mix type included one common gradation type, one asphalt binder and three crushed coarse 
aggregate blends (i.e., 100 percent sandstone, 100 percent limestone and a combination blend of 
70 percent limestone and 30 percent sandstone). Table 3.1 presents the resulted HMA mixtures 
used in this study.  
• Aggregates  
 The crushed sandstone aggregate used in this study was supplied by Pine Bluff Sand & 
Gravel Co.; whereas, the crushed limestone aggregate was the silicious limestone obtained from 
the Vulcan Materials Co. According the qualified product list (QPL) of LADOTD, the sandstone 
source is designated as AB13 with a friction rating of I (the highest friction in QPL with a source 
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PSV value of 38). The limestone is designated as AA50 in QPL with a friction rating of III 
(source PSV of 29). The selection of these two aggregates were based on two considerations: (i) 
both aggregates are the common aggregate types used in Louisiana wearing course mixtures; (ii) 
it is possible to produce a mixture with a sufficient surface friction resistance by using a coarse 
aggregate blend mixed with high- and low- friction resistant aggregates (Ashby, 1980). As 
previously mentioned, a coarse aggregate blend of 70 percent limestone and 30 percent 
sandstone was considered in the mix design of this study. Table 3.2 presents the source aggregate 
properties of the aggregates used in the laboratory study.   
 Table 3.1 Wearing Course Mixtures 
 
 
 
No. Mix Type Mixture Designation 
1 19-mm Superpave with 100% sandstone SP19-SS 
2 19-mm Superpave with 100% limestone SP19-LS 
3 19-mm Superpave with 70% limestone +30% sandstone SP19-LS/SS 
4 12.5-mm Superpave with 100% sandstone SP12.5-SS 
5 12.5-mm Superpave with 100% limestone SP12.5- LS 
6 12.5-mm Superpave with 70% limestone +30% sandstone SP12.5-LS/SS 
7 SMA with 100% sandstone SMA-SS 
8 SMA with 100% limestone SMA-LS 
9 SMA with 70% limestone +30% sandstone SMA-LS/SS 
10 OGFC with 100% sandstone OGFC-SS 
11 OGFC with 100% limestone OGFC-LS 
12 OGFC with 70% limestone +30% sandstone OGFC-LS/SS 
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Table 3.2 Source Properties of the Aggregates Used   
Aggregate 
Type 
Source 
Code 
PSV Friction 
Rating 
Sili
ca 
% 
LA 
Abrasion 
% Loss 
Mg 
Soundness 
% Loss 
Absorpti
on % 
Specific Gravity 
Bulk Bulk 
SSD 
Apparent 
Sandstone AB13 38 I 92.5 22.0 3.4 1.0 2.60 2.63 2.67 
Limestone AA50 29 III 13.7 17.0 0.5 0.7 2.67 2.66 2.69 
 
 The limestone AA50 has a lower LA abrasion rate than the sandstone AB13, indicating 
that this limestone source may have a better degradation property than the sandstone source in a 
field condition (Table 3.2). 
• Asphalt Binder 
Table 3.3 Lab Test Values and Specification for the Binder PG76-22 M (LTRC Test Data) 
Tests Spec PG 76-22M 
Test on Original Binder 
Dynamic Shear, G*/Sin(δ), (kPa) 1.00+@ 
76°C 
1.82 
Dynamic Shear, G*/Sin(δ), (kPa) 1.00+@ 
82°C 
1.29 
Force Ductility Ratio (F2/F1, 4°C, 5 cm/min, 
F2 @ 30 cm elongation 
 0.49 
Rotational Viscosity 
@ 135°C (Pa·s) 
3.0+ 1.7 
Tests on RTFO  
Dynamic Shear, G*/Sin(δ), (kPa) 2.20+@ 
76°C 
2.48 
Dynamic Shear, G*/Sin(δ), (kPa) 2.20+@ 
82°C 
1.67 
Elastic Recovery, 25ºC, 
10 cm  elongation, % 
 70 
Tests on (RTFO+ PAV) 
Dynamic Shear, @ 25°C, G*Sin(δ),  (kPa) 5000- 2297 
Bending Beam Creep Stiffness @ -12°C, 
(MPa) 
300- 152 
Bending Beam 
m-value@ -12°C 
0.300+ 0.327 
Actual PG Grading  PG76-22M 
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 The asphalt binder used in the mix design is classified as PG 76-22 M (polymer 
modified), which was supplied by the Marathon Inc. of Baton Rouge, LA. This binder is a 
common binder type used in the wearing course mixtures for medium to high volume roads in 
Louisiana. The binder specification and lab test results done by LTRC are presented in Table 3.3.  
• Mix Design Factorials 
 The mix design factorial for the laboratory preparation of asphalt slabs is presented in 
Table 3.4 below. 
Table 3.4 Mix Design Factorial 
Mix Type Binder Type 
Gradation 
Type 
Aggregate Blend 
No. of  
Slabs 
OGFC PG 76-22 
OGFC 100% Limestone 3 
OGFC 100% Sandstone 3 
OGFC 
70% Limestone +  30% 
Sandstone 
3 
SMA PG 76-22 
SMA 100% Limestone 3 
SMA 100% Sandstone 3 
SMA 
70% Limestone +  30% 
Sandstone 
3 
Superpave (19 mm) PG 76-22 
Superpave 100% Limestone 3 
Superpave 100% Sandstone 3 
Superpave 
70% Limestone +  30% 
Sandstone 
3 
Superpave (12.5 mm) PG 76-22 
Superpave 100% Limestone 3 
Superpave 100% Sandstone 3 
Superpave 
70% Limestone +  30% 
Sandstone 
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• Mix Design 
 Since this study mainly dealt with the frictional characteristics of different wearing 
course HMA mixtures, a complete mix design was not performed. Instead, a typical job mix 
formula (JMF) was obtained from LADOTD engineers for each mix type considered. Primarily 
due to the difference in aggregate absorption, mixtures with different aggregate blends (Table 
3.2) may require slightly different asphalt binder contents in order to meet the design air voids 
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specified in the selected JMFs. A Superpave gyratory compactor (SGC) was thus used in the 
laboratory to compact different lab-mixed mixtures and to determine the required asphalt 
contents for the 12 HMA mixtures evaluated in this study. The final JMFs for the 12 HMA 
mixtures are presented in Tables 3.5-3.8.  
 Table 3.5 Job Mix Formula for Superpave II (19 mm) Mix Design 
Superpave II (19 mm) 
Mixture 
Designation 
100% 
Limestone  
19 mm 
100% 
Sandstone  
19 mm 
(70+30) Limestone + 
Sandstone 
 19 mm 
Mix Type 19.0 mm (3/4 in.) Superpave II 
Aggregate 
#67 LS 39% #67 SS 36% #67 LS 16% 
#78 LS 26% #78 SS 24% #67 SS 10% 
#11 LS 27% #11 SS 34% #78 LS 30% 
CS 8% CS 6% #78 SS 10% 
 
#11 LS 27% 
CS 7% 
Binder type PG 76-22 M PG76-22M PG76-22M 
Binder Content, % 4.1 4.2 4.1 
Gmm 2.498 2.448 2.482 
Gmb at Nmax 2.404 2.354 2.416 
% Gmm at Nini 08 85.53 86.8 85.8 
% Gmm at Nmax 160 96.23 96.2 97.3 
Design air void, % 5.3 5.2 4.2 
VMA, % 15.5 17 14.4 
VFA, % 65.7 69.7 70.6 
Metric (U. S.) Sieve Composite Gradation Blend 
37. 5 mm (1½ in.) 100.0 100.0 100.0 
25.0 mm (1 in.) 100.0 100.0 100.0 
19.0 mm (3/4 in.) 97.0 100.0 98.8 
12. 5 mm (1/2 in.) 79.9 90.5 88.7 
9. 5 mm (3/8 in.) 58.5 71.6 67.4 
4. 75 mm (No. 4) 36.5 34.1 38.5 
2. 36 mm (No. 8) 26.0 23.6 26.9 
1. 18 mm (No. 16) 18.8 19.3 19.4 
0.600 mm (No. 30) 14.2 16.8 14.8 
0.300 mm (No. 50) 8.7 12.3 9.3 
0.150 mm (No. 100) 6.2 8.0 6.7 
0.075 mm (No. 200) 4.2 4.2 4.4 
Blend Gsb 2.682 2.561 2.663 
Blend Gsa 2.707 2.656 2.703 
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Table 3.6 Job Mix Formula for Superpave II (12.5 mm) Mix Design 
12.5 mm Superpave II 
Mixture Designation 
100% Limestone 
12.5 mm 
100% Sandstone 12.5 
mm 
(70+30) Limestone + 
Sandstone 12.5 mm 
Mix Type 12.5 mm Superpave II 
Aggregate 
#67 LS 12.0% #67 SS 20.0% #67 LS 8.4% 
#78 LS 44.0% #78 SS 53.0% #67 SS 3.6% 
#11 LS 35.0% #11 SS 19.0% #78 LS 35.7% 
CS 9.0% CS 8.0% #78 SS 15.3% 
 
#11 LS 29.0% 
CS 8.0% 
Binder type PG 76-22 M PG76-22M PG76-22M 
Binder Content, % 4 4.4 4.1 
Gmm 2.503 2.423 2.491 
Gmb at Nmax 2.448 2.354 2.459 
% Gmm at Nini 08 86.3 87.4 87.3 
% Gmm at Nmax 160 97.8 97.2 98.7 
Design air void, % 3.5 4.2 2.6 
VMA, % 13.8 13.2 12.7 
VFA, % 74.7 68.6 79.2 
Metric (U. S.) Sieve Composite Gradation Blend 
37. 5 mm (1½ in.) 100.0 100.0 100.0 
25.0 mm (1 in.) 100.0 100.0 100.0 
19.0 mm (3/4 in.) 99.1 100.0 99.4 
12. 5 mm (1/2 in.) 92.3 91.6 92.3 
9. 5 mm (3/8 in.) 71.3 73.1 70.8 
4. 75 mm (No. 4) 44.9 37.1 41.0 
2. 36 mm (No. 8) 31.7 25.7 28.4 
1. 18 mm (No. 16) 22.5 21.0 20.4 
0.600 mm (No. 30) 16.8 18.3 15.5 
0.300 mm (No. 50) 10.4 13.2 9.8 
0.150 mm (No. 100) 7.4 8.6 7.1 
0.075 mm (No. 200) 5.0 4.5 4.7 
Blend Gsb 2.689 2.559 2.665 
Blend Gsa 2.718 2.655 2.707 
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Table 3.7 Job Mix Formula for SMA Mix Design 
SMA 
Mixture Designation 
100% Limestone 
12.5 mm 
100% Sandstone 12.5 
mm 
(70+30) Limestone + 
Sandstone 12.5 mm 
Mix Type 12.5 mm (1/2 in.) SMA 
Aggregate 
#78 LS 74.9% #78 SS 78.9% #78 LS 53.9% 
#11 LS 13.0% #11 SS 10.0% #78 SS 23.0% 
Donna Fill 12.0% Donna Fill 11.0% #11 LS 12.0% 
Fibre 0.1% Fibre 0.1% Donna Fill 11.0% 
 
Fiber 0.1% 
Binder type PG 76-22 M PG76-22M PG76-22M 
Binder Content, % 6 5.9 5.9 
Gmm 2.418 2.380 2.405 
Gmb at Nmax (160) 2.360 2.350 2.365 
% Gmm at Nini 09 86.7 87.1 86.8 
% Gmm at Nmax 160 97.6 98.8 98.3 
Design air void, % 
(75 rev.) 
4.8 3.9 4.2 
VMA, % 19.9 16.7 18.6 
VFA, % 75.8 76.4 77.4 
Metric (U. S.) Sieve Composite Gradation Blend 
37. 5 mm (1½ in.) 100.0 100.0 100.0 
25.0 mm (1 in.) 100.0 100.0 100.0 
19.0 mm (3/4 in.) 100.0 100.0 100.0 
12. 5 mm (1/2 in.) 96.8 96.6 95.4 
9. 5 mm (3/8 in.) 66.8 65.0 67.9 
4. 75 mm (No. 4) 30.6 27.4 31.2 
2. 36 mm (No. 8) 23.2 20.7 22.2 
1. 18 mm (No. 16) 19.3 17.4 17.5 
0.600 mm (No. 30) 17.2 15.8 14.3 
0.300 mm (No. 50) 12.7 11.7 8.4 
0.150 mm (No. 100) 9.4 8.7 5.5 
0.075 mm (No. 200) 6.0 5.6 3.4 
Blend Gsb 2.700 2.582 2.664 
Blend Gsa 2.726 2.665 2.708 
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Table 3.8 Job Mix Formula for OGFC Mix Design 
OGFC 
Mixture Designation 
100% Limestone 12.5 
mm 
100% Sandstone 
12.5 mm 
(70+30) Limestone + 
Sandstone 12.5 mm 
Mix Type 12.5 mm (1/2 in.) SMA 
Aggregate 
#78 LS 99.7% #78 SS 99.7% #78 LS 69.7% 
Fiber 0.3% Fiber 0.3% #78 SS 29.9% 
Antistrip 0.8% Antistrip 0.8% Fibre 0.4% 
  
Antistrip 0.8% 
Binder type PG 76-22 M PG76-22M PG76-22M 
Binder Content, % 6.5 6.5 6.5 
Gmb at Ndes 
(50)Corelok 
2.015 1.935 1.908 
Gmm 2.456 2.372 2.444 
Design air void, % (50 
rev.) 
18.00 18.4 21.9 
VMA, % 30.9 29.2 33.6 
VFA, % 41.8 36.8 34.7 
Metric (U. S.) Sieve Composite Gradation Blend 
37. 5 mm (1½ in.) 100.0 100.0 100.0 
25.0 mm (1 in.) 100.0 100.0 100.0 
19.0 mm (3/4 in.) 100.0 100.0 100.0 
12. 5 mm (1/2 in.) 95.7 95.7 95.7 
9. 5 mm (3/8 in.) 55.8 55.8 55.9 
4. 75 mm (No. 4) 9.6 9.6 9.7 
2. 36 mm (No. 8) 5.1 5.1 5.2 
1. 18 mm (No. 16) 3.9 3.9 4.0 
0.600 mm (No. 30) 3.7 3.7 3.8 
0.300 mm (No. 50) 3.5 3.5 3.6 
0.150 mm (No. 100) 3.5 3.5 3.6 
0.075 mm (No. 200) 2.4 2.4 2.5 
Blend Gsb 2.725 2.568 2.687 
Blend Gsa 2.744 2.661 2.729 
 
 
41 
 
3.2 Laboratory Experimental Design 
 As discussed in the literature review, the friction resistance offered by an asphalt surface 
is directly related to its micro- and macro-texture. Micro-texture is largely influenced by the 
micro-asperities of coarse aggregates used and the aggregate’s polishing resistance under traffic 
loading. Macro-texture is a function of aggregate size and mixture gradation and varies mainly 
by the mix type.  
 In this study, three test methods including the British pendulum, aggregate imaging 
system (AIMS), and micro-deval tests were chosen to evaluate the texture and degradation 
resistance for the selected aggregates. Since, current HMA specifications do not provide any 
standard friction test procedure during mix design, an NCAT testing procedure for rapidly 
evaluating the frictional performance of HMA mixtures was selected. The NCAT procedure 
requires the preparation of 20-in. by 20-in. kneading-compacted testing slabs; therefore, three 
replicate slabs were prepared for each of the 12 mixtures considered in this study. Note that the 
AIMS test was performed at the FHWA’s mobile asphalt testing laboratory and the friction tests 
were conducted at NCAT. Details of the preparation of friction testing slabs as well as laboratory 
test procedures are presented as follows.  
3.2.1 Laboratory Preparation of Friction Testing Slabs 
 Loose HMA mixtures sufficient for the preparation of 36 testing slabs (12 mixtures x 3 
replicates) were produced in the LTRC asphalt laboratory and later shipped to NCAT for testing 
slab fabrication. The following mixing and fabrication procedures were used in this study:  
 To prepare the loose mix at  LTRC,  the graded aggregates that dried in a 60oC oven for 
approximately 12 hours were mixed together first without an asphalt binder, and then mixed with 
the binder at temperature of 350º F using a dough hook in a metal bucket. A total of 35,000 
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grams of loose mix was prepared for one slab and packed in a 5-gallon bucket. A total of 36 
buckets of loose mix were prepared and shipped to NCAT. 
• Reheating and Quartering 
  The slab preparation at NCAT began by reheating the metal buckets and quartering the 
mixes in a mold, as shown in Figure 3.1, to minimize segregation and preserve uniformity in 
slabs. After quartering, the mixtures were spread evenly to four quarters of the mold and covered 
by a separation paper (Figure 3.1). 
 
 
 
  
Figure 3.1 Mix Quartering and Molding 
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• Slab Compaction 
  As shown in Figure 3.2, steel plates, each 3/8-in. thick, 4-in. high and 20-in. long, were 
installed in the vertical position on top of the molded mixture, until the plates covered the mix 
tightly. Then, a modified Hamburg rolling wheel compactor was used to compact the mixture to 
a testing slab with a 93 percent Gmm. The resulted slabs, each approximately 2.5-in. thick with 
air voids of roughly 7 percent (Figure 3.2), were ready for the NCAT polishing/friction testing 
procedure. 
 
 
 
 
  
Figure 3.2 Slabs Compaction Using Modified Hamburg Compactor 
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3.2.2 NCAT Polishing/Friction Testing Procedure 
 In a recent study conducted at NCAT, a testing procedure with a laboratory accelerated 
polishing device was developed by Vollor and Hanson (2006). Shown in Figure 3.3, the 
accelerated polishing device at NCAT is called a three wheel polishing device (TWPD) designed 
to simulate the traffic-polishing effects on surface friction characteristics of asphalt mixtures by 
using a three abrasion wheel assembly. The normal load used during the test is 105 lb. with the 
tire pressure of pneumatic tires maintained at 50 psi. During the slab polishing, water is 
continuously sprayed to simulate a wet polishing in the field. It was found that such a polishing 
device together with a set of friction/texture measurement devices could be used to evaluate the 
frictional resistance of HMA mixtures in the laboratory that represents field measured results 
(Vollor and Hanson, 2006).  
  
Figure 3.3 NCAT Three Wheel Polishing Device 
 In this study, polishing and abrasion of the testing slabs was accelerated using the TWPD 
device at NCAT. Each slab was polished under the TWPD device for the cycle periods of 2, 5, 
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10, 30, 50, and 100 thousand cycles, respectively. At the end of each cycle period, the polishing 
device was stopped and the slab was removed and dried for the evaluation of its surface texture 
and friction using the ASTM E 2157 circular texture meter (CTM) for texture and ASTM E 1911 
dynamic friction tester (DFT) for friction. In addition, the post-construction friction and surface 
texture properties of the slabs (before the polishing) were also measured. Specifically, three 
replicate measurements were made for each DFT test and five replicates for each CTM test 
during each measurement period of the slab polishing. More detail regarding the testing 
procedure and the TWPD device may be referred to elsewhere (Vollor and Hanson, 2006). 
• Dynamic Friction Test (DFT) 
 In the friction design of asphalt pavements, the PSV value alone could not address the 
texture effect of mix on the frictional outcome of the surface. Recently, different equipments 
have been developed to measure the texture of the pavement surface. The dynamic friction tester 
(DFT) is one of those equipments which can measure the friction numbers under both field and 
laboratory condition at various testing speeds as specified by ASTM E 1911 (Vollor and Hanson, 
2006). It gives a graph of friction numbers for different rotational speeds. This test can produce a 
number of indices such as peak friction and peak speed, and it can be used to calculate IFI 
(F(60), Sp). As shown in Figure 3.4, the DFT has three rubber sliders spring mounted on a disk 
at a diameter of 350 mm (13.75 in). The disk is initially suspended above the pavement surface, 
and is driven by a motor until the tangential speed of the sliders is 90 km/h (55 mph). Then the 
motor is disengaged and the disk is lowered while applying water to the surface. The three 
rubber sliders contact the surface, and the friction force is measured by a transducer as the disk 
spins down. The friction force and the speed during the spin down are saved into a file. The DFT 
system can be used to measure the friction at a speed over the range of 0 to 90 km/h (0 to 55 
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mph), and friction characteristics of laboratory slab samples that are at least 450 by 450 mm 
(17.75 by 17.75 inches) (Vollor and Hanson, 2006). The DFT measures the micro-texture of the 
coarse aggregate of the pavement surface, which also represents the micro-texture of the mix.  
 
 
  
 
 
 
 
 
 
 
Figure 3.4  Dynamic Friction Tester (DFT) 
• Circular Texture Meter (CTM) 
 The macro-texture of the pavement surface can also be quantified. One of the devices 
which gives the representation of macro-texture is the circular texture meter (CTM). The CTM is 
a laser based profiler which measures the profile of a circle of   284 mm (11.2 in) diameter 
(Figure 3.5). The detailed test procedure is given in ASTM E2157 and the mean profile depth of 
the surface are under consideration. The profile of the circular surface is divided into eight 
segments of 111.5 mm (4.4 in). The average MPD for each segment is determined and again 
averaged as the average MPD of the whole circular area. The CTM can measure a flat surface 
area which has the area of at least 450 by 450 mm (17.75 by 17.75 inches) for the lab produced 
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sample (Vollor and Hanson, 2006).  The machine provides indices of the mean profile depth 
(MPD) and root mean square (RMS) of the macro-texture. The test data correlates well with the 
mean texture depth (MTD) and the test is regarded as repeatable and independent of operators. 
This method is presently used widely due to its sophistication and standardization of data. One 
important feature of this method is that it measures both negative and positive texture. 
 
 
Figure 3.5 Circular Texture Meter (CTM) 
 Several other devices are available to measure macro-texture of the pavement surface. 
Researchers have established a good correlation among each other. The sand patch method, 
which uses No. 50 passing and retaining on No. 100 sieve Ottawa sand, is a traditional way to 
measure the macro-texture of the surface by volumetric method. Another method is outflow 
meter (OFT), which uses the volume of water dispersed at a certain surface area of pavement to 
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measure the macro-texture. The recent advancement in this field has resulted in laser profiler 
which can compute the profile statistics of the pavement surface.  
3.2.3 Aggregate Testing Procedures 
 This section describes the micro-deval, the British pendulum, and aggregate imaging 
system (AIMS) test procedures on aggregates to evaluate the aggregate frictional characteristics. 
• Micro-Deval Test 
 The micro-deval test characterizes the aggregate’s capability to resist abrasion and 
standardized through AASHTO T 327-05. This test is a better indicator of abrasion than the LA 
abrasion test as it evaluates the abrasion resistance in a wet condition (Rogers, 1991). In this test, 
1,500 gram of aggregate sample in the range of 4.75 mm to 16 mm is rotated in a steel container 
with 5000 gram of steel balls and in the presence of water. The aggregate is rotated 9600 to 
12000 revolutions and the sample aggregate (passing #16 sieve) weight loss is obtained and 
reported as the test value. The less value of weight loss is preferred. This test method is more 
repeatable and reproducible than other aggregate degradation tests (Jayawickrama et al., 2006). 
• British Pendulum Test 
 This test is one of the oldest skid resistant tests for the aggregate and asphalt mix surface. 
The BPT was invented by Percy Sigler in the 1940’s which was later modified by the UK 
Transport Laboratory (Britishpendulum, 2008). As described earlier in Chapter 2, this test 
equipment measures the friction property of both the aggregate and asphalt mix surface. The test 
is standardized as AASHTO T 278 and T 279 or ASTM E 303 and D3319. The test result is 
reported as the British pendulum number (BPN) or polish stone value (PSV). The British 
pendulum system consists of a swinging handle and a rubber pad to slide to the aggregate coupon 
surface or asphalt mix surface (Figure 3.6). This test measures the kinetic energy loss when the 
49 
 
rubber slider is dragged on the surface. This test indirectly measures the micro-texture of the 
aggregate surface, and has been used by LADOTD for the specification of aggregate for the 
friction design for a long time. To evaluate the aggregate’s PSV, coupons of aggregates are made 
with resin exposing the aggregate’s flat surface. These coupons are then polished with the British 
polishing wheel for ten hours and tested with the British pendulum. The system setup and 
coupon making is somewhat complex so this test is highly subjective to the person performing 
the test and variability in test result is wide.  
 In this study, the BPT was performed for the limestone, sandstone, and limestone-
sandstone blend aggregate type. The limestone and sandstone aggregate coupon making was 
straight forward, but to make the blend aggregate coupon of 70% limestone and 30% sandstone 
was complex. So 50/50 blend coupons were prepared and the results were interpolated for 70/30 
blend.  
 
 
 
 
 
 
 
 
Figure 3.6 British Pendulum Tester (BPT)  
 The aggregates for the blend coupon were selected by the numbers and placed in the 
coupon in alternate as limestone and sandstone aggregate. There is no exact procedure to make 
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coupons for the blend aggregates for BPT. The coupons for blend were prepared with a great 
caution, though the true representation of the blend PSV cannot be assured.  
• AIMS Test 
 The aggregate imaging system (AIMS) is an image processing system which directly 
evaluates the aggregate texture and shape properties. This system is used in this study to evaluate 
aggregate surface properties, which is also regarded as an efficient system. The AIMS 
characterizes aggregate shape by image evaluation of aggregate. This is an automated system 
which evaluates the angularity, shape, and the texture of coarse aggregate as well as shape and 
singularity of fine aggregates by digital image processing (Masad et al, 2005). Since this system 
is an automated system, the results are free from operator bias. The AIMS includes a scanning 
camera, light system, a computing processor, and tray to place coarse aggregates at 7×8 grid 
points and fine aggregates at 20×20 grid points. In this system, three measures of aggregate 
shape properties are evaluated by processing 2-D images taken by the scanning camera at a high 
intensity of light. The texture of the aggregate is measured as a texture index based on the 
wavelet theory, whereas the angularity is measured as angularity index calculated by gradient 
method and measured as the deviation of the aggregate shape from a perfect circle (Masad et al, 
2005, Al-Rousan, 2004). This system also evaluates the sphericity index, which measures the 
aggregates closeness to a perfect sphere. Figure 3.7 is a schematic view of the AIMS system. 
3.3 Historical Friction Data Analysis 
 A set of LWST measured skid resistance (SN) friction data was obtained from the 
LADOTD Material Laboratory. The inventory SN data was primarily measured from 1984 to 
2000 including 294 different project sites. Statistical analyses were performed to determine the 
effects of traffic loading, aggregate and mixture types on the measured SN values. Also, critical 
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SN values of investigatory and intervention friction levels of Louisiana asphalt pavements were 
determined based on the method recommended by the NCHRP Project 1-43: Guide for Pavement 
Friction. Furthermore, a set of regression models for prediction of SN based on mixture 
gradation and traffic loading index was developed. Because the inventory data lack of control 
sections and have high variability in terms of the aggregate type, mixture type, pavement 
function type, measurement interval, and data accuracy, the analysis results on the historical 
friction data of this study can be considered as preliminary, and further validation is largely 
needed.  
Figure 3.7 Aggregate Imaging System (AIMS) (Al-Rousan, 2004) 
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CHAPTER 4 ANALYSIS AND RESULTS 
 This chapter deals with the laboratory test results and analyses. In this chapter BPT, 
Micro-Deval, AIMS, DFT, and CTM test results are analyzed and discussed. The BPT, micro-
deval, and AIMS result are used to evaluate the aggregates used in asphalt mixture slab 
preparation. The DFT and CTM results are investigated for different test speeds, mix types and 
aggregate type effects. Also DFT results have been analyzed to develop a texture prediction 
model and the initial, final, and rate of decrease of micro-texture have been evaluated for 
different mixes. Further, IFI values are calculated from DFT and CTM results and analyzed. 
Statistical analyses are performed on DFT and CTM results and the relationship of DFT, CTM, 
and PSV with IFI have been investigated. A ranking of mixes on the basis IFI values have been 
established.  
 A set of relationships have been developed to estimate surface friction from the 
laboratory test results. These relationships have been used to develop a new Louisiana friction 
design guideline for asphalt surfaces, as described in chapter 6. 
4.1 Aggregate Characteristics 
The aggregate properties affecting the surface friction may include mineralogy, 
petrography, angularity and texture, abrasion and polish resistance, and durability (Hall et al. 
2009). Since this study is focused on friction resistance and the mixture properties of asphalt 
pavement, the complete set of aggregate characteristics measurement is out of scope of this 
study. The aggregate tests were performed for the texture property before and after the polishing, 
loss of weight due to abrasion, and angularity. The BPT, micro-deval, and AIMS test were 
performed to evaluate the aggregate texture and angularity. The aggregate test results are 
tabulated in Table 4.1. 
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Table 4.1 Aggregate Test Results 
 
*Note: LA= Los Angeles Abrasion Test, Mg= Magnesium, BPN= British Pendulum Number, 
MD = Micro-Deval, AIMS= Aggregate Imaging System, LS=Limestone, SS=Sandstone, 
N/A=Not Available. 
 
4.1.1 British Pendulum Test  
 Table 4.1 shows the BPT results on aggregate coupons before and after polishing with the 
British polishing wheel. The results before polishing are reported as British pendulum number 
(BPN) whereas, the after polish BPT values are reported as polish stone value (PSV). The PSV 
of sandstone and limestone is measured as 38 and 31 respectively. Due to lack of standard 
procedure to measure the PSV value of the 70/30 LS/SS blend, the blend of 50/50 was measured 
as 35 and linearly interpolated for 70/30 blend as 33. According to the LADOTD friction rating, 
sandstone and limestone fall into the friction rating category of I and III respectively. The 
aggregate test result confirms to the source rating of these two aggregates. Also the 70/30 
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limestone/sandstone blend has the PSV of 33, which confirms that a blend of lower friction with 
higher friction rating aggregate produces a blend of friction rating in between. Similar results 
have been reported by other studies (Masad et al., 2009 and Ashby, 1980). Further, Table 4.1 
shows sandstone has highest PSV compared to other two blends, as expected. The blend’s PSV 
is in the middle range, which clearly indicates that the blend of sandstone with limestone can 
produce the aggregate blend having texture properties in between.  The test data of BPT for 
aggregates are attached in Appendix C. 
4.1.2 Micro-Deval Test 
 The micro-deval test was performed on the aggregates to evaluate the durability or 
abrasion of aggregates. Since there was no laboratory procedure available to test blends of 
aggregate, the Micro-Deval test was not performed on the limestone/sandstone blend. Table 4.1 
shows more loss in weight for sandstone after the micro-deval than limestone which indicates 
that the limestone AA50 have a good resistant against breakdown and wearing resistance 
(Kandhal and Parker, 1998).  
4.1.3 AIMS Test  
 This test was performed on the aggregates used in preparation of asphalt mixes before 
and after the micro-deval test. The blend of sandstone/limestone was not evaluated with AIMS 
test, since there were no standard procedures to evaluate the blends. The AIMS results summary 
is shown in Table 4.1, and a detailed test result is attached in Appendix D. The result shows that 
limestone has a higher texture values than sandstone. But, the percent loss in texture is less for 
sandstone than limestone. The loss of angularity is also high for sandstone which can be related 
to the micro-deval test, which shows less durability for the sandstone aggregate. The texture 
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result from the AIMS test does not match with the BPT which can be interpreted as the AIMS 
test relies more on the durability property of aggregates to address the texture property.  
4.2 Polishing Characteristics of Mixture 
4.2.1 DFT Results 
 The DFT results for all four mixture types at 20, 40, 60, and 80 km/hr are presented in 
Figures 4.1, 4.2, 4.3, and 4.4 respectively. These figures present the average DFT values for 
different aggregate and asphalt mixture types at different polish cycles. All these figures clearly 
show that DFT decreases with the increase in polish cycle except initial cycles of 0, 2, and 5 
thousand cycles and with increase in test speed.  
 For DF20, DF40, and DF60, the sandstone mixes show higher values of DFT than other 
aggregate type mixes. The SMA and Superpave mixes also have high micro-texture for 
sandstone mixes followed by limestone/sandstone blend and limestone only blend.  For DF20 and 
DF40 results, the SMA sandstone mix has the highest DFT values whereas SMA limestone and 
limestone/sandstone blend mixes perform better than those blends of other mix types.  The 
difference of DFT values between limestone only and limestone/sandstone blends for all the 
asphalt mixtures are small except for the OGFC mix, which implies that the 70/30 blend of low 
friction and high friction aggregate can increase the blends friction resistance. 
 Figure 4.4 shows that the DF80 values for the asphalt mixture types have high variability 
and do not suggest any decreasing pattern with increasing polish cycle for different mixtures, 
which is the indication that at the high speed of 80 km/hr micro-texture decreases considerably 
as represented well by the DFT measurement.  
 Further, statistical analyses have been performed on the DFT results to investigate the 
speed, polish cycle, aggregate, and mix type effects to evaluate the micro-texture property of the 
mixes. 
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 The two way analysis of variance (ANOVA) analysis was performed to illustrate the 
overall effect of test speed and polish cycle. The statistical analysis software (SAS 9.2) program 
is applied to perform the statistical tests in this study. The null hypothesis for the ANOVA test 
states that the means are statistically similar. Table 4.2 shows the overall ANOVA results. For 
ANOVA test the P-values (significance) for mix type, aggregate type, polish cycle, and test 
speed are less than significance level of 0.05, which shows that effects are significant and the 
null hypothesis is rejected, i.e. the average DFT values for each group are different from each 
other. In this study the DFT values are described as the friction number which is the product of 
coefficient of friction obtained from DFT with 100.  
  
Table 4.2 Overall ANOVA Result 
 
 
Sum of Squares  DF Mean Square F Value P-value (Sig.) 
Between Groups 394726.30 15 26315.09 490.01 <.0001 
Within Groups 66806.88 1244 53.70   
Total 461533.18 1259    
Type I Sum of Square 
Effects DF Type I SS Mean Square F Value P-value (Sig.) 
Mix 3 10349.54 3449.84 64.24 <.0001 
Aggregate Type 2 29768.50 14884.25 277.16 <.0001 
Polish Cycle 6 18387.15 3064.53 57.06 <.0001 
Speed 4 336221.11 84055.28 1565.18 <.0001 
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Figure 4.1 DF20 Values by Polishing Cycles for Different Mix and Aggregate Types 
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Figure 4.2 DF40 Values by Polishing Cycles for Different Mix and Aggregate Types 
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Figure 4.3 DF60 Values by Polishing Cycles for Different Mix and Aggregate Types 
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Figure 4.4 DF80 Values by Polishing Cycles for Different Mix and Aggregate Types 
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 After the overall ANOVA, the TUKEY pairwise comparison in SAS is performed to 
compare the individual effects for different mixture and aggregate types with each other for the 
statistical difference. For the detail of statistical procedures in SAS, the SAS 9.2 Manual can be 
referred. 
 Table 4.3 provides the significance level (P-value) for the comparison of mix types. A P-
value greater than 0.05 suggests non-significance i.e. the means are statistically similar. 
Superpave 12.5- and Superpave 19- mm mixes do not show any statistical difference between 
their mean DFT values while considering all cycle and speed data. All other mix types are 
statistically different from each other.  
 Table 4.3 Comparison Significance Level (P-values) of DFT Values of Different Mixes 
Including All Cycles and Speed 
*Note: Non-Significant p-values are highlighted. 
 To ascertain the difference between individual asphalt mixture types and aggregate types, 
the polish cycle and test speed must be fixed for both mixture and aggregate type. Further, the 
mixture and aggregate type comparisons have been performed by fixing the polish cycle and test 
speed. The DFT values for polishing cycles 0 and 2000 were less than 5000 cycles for some of 
the mix types in Figures 4.1, 4.2, 4.3, and 4.4, which show the increase in micro-texture initially 
with the depletion of asphalt film from the surface of aggregate. Hence, 5 and 100 thousand 
polish cycles have been chosen as initial and terminal polish cycles, respectively, for the analysis 
Mix Type Superpave 19 mm Superpave 12.5 mm SMA OGFC 
Superpave 19 mm  0.89 0.00 0.00 
Superpave 12.5 mm 0.89  0.00 0.00 
SMA 0.00 0.00  0.00 
OGFC 0.00 0.00 0.00  
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of DFT and CTM results in this study. The P-value (significance) comparison is performed by 
fixing the polish cycles at initial and terminal cycles of 5 and 100 thousand respectively.  
 Further, Tables 4.4 and 4.5 show the pairwise comparison of mean DF20 values for 5 and 
100 thousand cycles at a test speed of 20 km/hr by aggregate type for each of the four mixtures. 
For both cycles DF20 comparison for aggregate type shows the same results for each of the four 
mixtures. Sandstone mixes are different than the limestone mixes but the limestone/sandstone 
blends do not show any statistical difference with limestone only mixes. This result indicates 
towards the insufficiency of sandstone percentage in the limestone/sandstone blend to increase 
the micro-texture of blend significantly.  
Table 4.4 Comparison Significance Level (P-values) of DFT Values of Different Aggregate 
Type at Polish Cycle 5000 and Speed 20 km/hr. 
 
 
Superpave 19 mm Superpave 12.5 mm 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Limestone  0.00 0.99 Limestone  0.00 0.99 
Sandstone 0.00  0.00 Sandstone 0.00  0.00 
Limestone 
+ Sandstone 
0.99 0.00  
Limestone 
+ Sandstone 
0.99 0.00  
SMA OGFC 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Limestone  0.01 0.99 Limestone  0.00 0.99 
Sandstone 0.01  0.00 Sandstone 0.00  0.00 
Limestone 
+ Sandstone 
0.99 0.00  
Limestone 
+ Sandstone 
0.99 0.00  
.* Note: Non-Significant P-values are highlighted. 
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Table 4.5 Comparison Significance Level (P-values) of DFT Values of Different Aggregate 
Type at Polish Cycle 100000 and Speed 20 km/hr. 
 Table 4.6 describes the comparison of DFT values for the speed effect at polish cycle 5 
and 100 thousand by the aggregate type for all four mixtures. This comparison is performed to 
evaluate the speed effect on different type of mixtures. P-value greater than 0.05 denotes the 
non-significance i.e. compared speeds do not show statistical difference in the DFT values. For 
the limestone mixes the difference between DF20 and DF60 is not significant for most of the 
mixtures at polish cycle of 5000, which indicates that the limestone mixes are insensitive to test 
speed. The lab results for limestone mixes have shown less texture degradation. Low value and 
less degradation of micro-texture of limestone aggregates may have caused a non-significant 
difference of limestone mixes to test speed. For sandstone mixes, most of the mixes except 
OGFC show difference between DF20 and DF60, which can be attributed to high micro-texture 
and low abrasion resistance of sandstone aggregate used in the mix design. The limestone/ 
sandstone blend also show the difference between DF20 and DF60 for most of the mixes except 
OGFC mixes. The OGFC mixes have high asphalt content, which could be the cause of the non-
significance of this mix to the test speed. For polish cycle 100 thousand, most of the mixes 
Superpave 19 mm Superpave 12.5 mm 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Limestone  0.00 0.99 Limestone  0.00 1.00 
Sandstone 0.00  0.00 Sandstone 0.00  0.00 
Limestone 
+ Sandstone 
0.99 0.00  
Limestone 
+ Sandstone 
1.00 0.00  
SMA OGFC 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Aggregate 
Type 
Limestone Sandstone 
Limestone 
+ Sandstone 
Limestone  0.00 1.00 Limestone  0.00 0.07 
Sandstone 0.00  0.00 Sandstone 0.00  0.00 
Limestone 
+ Sandstone 
1.00 0.00  
Limestone 
+ Sandstone 
0.07 0.00  
* Note: Non-Significant P-values are highlighted. 
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except Superpave 19-mm and OGFC sandstone do not show a test speed influence. At 100 
thousand cycles, the mix surface is highly polished which may be the reason for the absence of 
the influence of a test speed on the DFT measurements. 
 Further, analysis for DF20 has been performed by fitting an equation for texture and 
performing non-linear regression modeling. Figure 4.5 shows a fitted line for DF20 values for 
different mix and aggregate type by polishing cycles. These fitted lines show good coefficients 
of determination which indicates that regression modeling of DF20 values can be performed to 
assess the degradation in DF20 with polishing. 
 Mahmoud proposed an equation to define the texture of aggregate, Equation 4.1 
(Mahmoud et al. 2005). This relationship has been chosen as a model to fit with the DF20 values 
as texture and polish cycle. 
                                           Texture = a + b×exp(-c×Polish Cycle)                                                      (4.1) 
 In Equation 4.1, the parameters a, b, and c denote the different phase of texture. The 
parameter “a” can be attributed to the terminal texture, whereas parameter “c” denotes the rate of 
decrease or polishing rate of texture value with polish cycle. Parameter “a+b” represents the 
initial texture of the aggregates. The texture in this analysis has been represented by the DF20 
values. 
 The model (Equation 4.1) parameters were found by non-linear regression modeling in 
SAS 9.2.  The NLIN procedure was performed to find the parameters for the above model, which 
chooses the coefficients by iteration for least sum of square of errors (SSE). The detail of the 
“NLIN” procedure can be found in the SAS 9.2 manual. For this model fitting, the initial polish 
cycle is taken as 5,000 cycle as mentioned above. Table 4.7 presents the magnitude of the 
parameters of the fitted model (Equation 4.1) with the coefficient of determinations. 
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Table 4.6 Significance Level of the DFT Values Compared for Speed Effect at 5000 and 100000 Cycles. 
Mix Type Aggregate Type Cycle 5000 Cycle 100000 
Superpave 19 mm 
Limestone 
Speed (km/hr) 20 40 60 Speed (km/hr) 20 40 60 
20  0.53 0.13 20  0.87 0.93 
40 0.53  0.99 40 0.87  1.0 
60 0.13 0.99  60 0.93 1.0  
Sandstone 
20  0.45 0.00 20  0.11 0.01 
40 0.45  0.21 40 0.11  0.99 
60 0.00 0.21  60 0.01 0.99  
Limestone + Sandstone 
20  0.49 0.06 20  0.79 0.41 
40 0.49  0.99 40 0.79  1.0 
60 0.06 0.99  60 0.41 1.0  
Superpave 12.5 mm 
Limestone 
20  0.01 0.00 20  0.99 0.99 
40 0.01  0.89 40 0.99  1.0 
60 0.00 0.89  60 0.99 1.0  
Sandstone 
20  0.00 0.00 20  0.91 0.08 
40 0.00  0.02 40 0.91  0.91 
60 0.00 0.02 0.00 60 0.08 0.91 0.00 
Limestone + Sandstone 
20  0.01  20  1.0 0.99 
40 0.01  0.66 40 1.0  1.0 
60 0.00 0.66  60 0.09 1.0  
SMA 
Limestone 
20  0.07 0.00 20  0.86 0.45 
40 0.07  0.99 40 0.86  1.0 
60 0.00 0.99  60 0.45 1.0  
Sandstone 
20  0.09 0.00 20  0.83 0.11 
40 0.09  0.76 40 0.83  0.98 
60 0.00 0.76  60 0.11 0.98  
Limestone + Sandstone 
20  0.42 0.04 20  0.80 0.68 
40 0.42  0.99 40 0.80  1.0 
60 0.04 0.99  60 0.68 1.0  
OGFC 
Limestone 
20  0.99 0.90 20  0.99 0.98 
40 0.99  0.99 40 0.99  1.0 
60 0.90 0.99  60 0.98 1.0  
Sandstone 
20  0.86 0.19 20  0.84 0.04 
40 0.86  0.99 40 0.84  0.83 
60 0.19 0.99  60 0.04 0.83  
Limestone + Sandstone 
20  0.99 0.87 20  0.99 0.87 
40 0.99  1.0 40 0.99  1.0 
60 0.87 1.0  60 0.87 1.0  
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Figure 4.5 Fitted Lines for DF20 Values by Polishing Cycles for Different Mix and Aggregate Types. 
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Table 4.7 Regression Parameters Values of the Model for DF20 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The parameters a, b, and c are important factors to evaluate the micro-texture (DF20) 
properties of the mixes. A higher value of parameter “c” denotes early loss of micro-texture. 
Asphalt mixes having less magnitude of “c” is more desirable to maintain friction for a longer 
period of time. The high value of parameter “a” shows high value of terminal texture, which 
indicates that a mix having high value of “a” can retain friction properties to a higher value for 
longer period of time. The parameter “a+b” indicates initial friction properties and desired to be 
higher for high traffic pavements. 
 Figure 4.6 shows the magnitudes of “a+b” parameters of the model. All sandstone mixes 
have higher initial value of micro-texture, which confirms to the DF20 measurement. OGFC 
limestone and limestone/sandstone blend show the lowest values among all the mixes, which 
also confirms to the previous discussion of DF20 measurements. For Superpave mixes, the 
limestone/sandstone blend does not show differences from the limestone only mixes. 
Mix Type a b c R
2 
SP19-LS 0.35 0.12 0.04 0.97 
SP19-SS 0.49 0.16 0.03 0.92 
SP19-LS/SS 0.36 0.12 0.04 0.97 
SP12.5-LS 0.34 0.14 0.02 0.96 
SP12.5- SS 0.49 0.20 0.04 0.99 
SP12.5-LS/SS 0.34 0.16 0.02 0.98 
SMA-LS 0.37 0.19 0.02 0.99 
SMA-SS 0.42 0.26 0.01 0.97 
SMA-LS/SS 0.39 0.15 0.01 0.93 
OGFC-LS 0.25 0.08 0.02 0.98 
OGFC-SS 0.42 0.19 0.01 0.96 
OGFC-LS/SS 0.30 0.09 0.02 0.99 
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 Figure 4.7 presents the terminal DF20 values for different mix and aggregate types. The 
Superpave sandstone mixes shows the highest terminal DF20 values, followed by SMA and 
OGFC mixes. Figure 4.8 shows the polishing rate for different mix and aggregate type. 
Superpave 19-mm limestone and Superpave 12.5-mm sandstone show the highest rate of 
degradation in DF20 values, which can be attributed to the mix types. Figure 4.8 indicates that 
Superpave 12.5 mix highest degradation in texture for sandstone aggregates which is related to 
the effect of mix type. This result implies that mix gradation with smaller size of aggregates 
tends to wear faster as the Superpave 12.5-mm mix uses a smaller size of aggregates than 
Superpave 19-mm. For the SMA and OGFC mixes, the rate of polishing is less compared to 
Superpave mixes, which indicates that mix gradation plays a significant role in retaining the 
micro-texture property of the aggregate. 
Figure 4.6 Initial DF20 Values for Different Aggregate and Mix Type 
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Figure 4.7 Terminal DF20 Values for Different Aggregate and Mix Type. 
Figure 4.8 Polishing Rate of DF20 for Different Aggregate and Mix Type. 
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4.2.2 CTM Results  
 Figure 4.10 shows CTM results as mean profile depth (MPD) plotted against polishing 
cycle. The CTM results clearly show the distinction of MPD according to the mixture type. The 
results show three different bands of values each for the OGFC, SMA and Superpave mixes.  
The OGFC mix has the maximum MPD followed by SMA and Superpave mixes respectively. 
The OGFC mix has higher air voids and larger pores in the surface, so having high MPD value 
confirms its mix design. Among OGFC mix types, the limestone/sandstone blend shows highest 
MPD value, whereas the sandstone only blend has the highest MPD value for SMA. The 
Superpave mixes follows OGFC and SMA mixes. The two Superpave mixes are clustered 
together and do not show a clear difference in MPD results. The MPD values for different mixes 
are about the same throughout the polishing cycle after 2,000 polish cycles, which indicates that 
the MPD values are less affected by the polishing. These results also clearly indicate that MPD is 
strongly related to the mix design. 
 The MPD value represents the macro-texture of the asphalt surface which is more 
dependent on the mix design than the aggregate type. Figure 4.9 shows the mean MPD value for 
the mixture type at 5,000 and 100,000 polish cycles. The OGFC mix shows the highest MPD at 
both cycles, followed by SMA and Superpave mixes. Figure 4.9 also indicates that the polishing 
have less impact on MPD values.   
 Further, the MPD values for the different mixes are statistically analyzed to evaluate the 
mix and aggregate effect on macro-texture. Table 4.8 and 4.9 show the P-value (significance) of 
comparison between the mixes at 5,000 polish cycles. Table 4.8 illustrates that MPD value for 
mixes are statistically different from each other except Superpave mixes, since Superpave 19-
mm and 12.5-mm are similar mix designs except NMAS.    
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Figure 4.9 MPD Values by Mix Type 
 
 
Table 4.8 Comparison Significance Level (P-values) of MPD Values of Different Mixes at 
Polish Cycle 5000. 
  *Note: Non-Significant p-values are highlighted. 
  Table 4.9 shows the significance comparison for MPD values by aggregate type. The 
comparison do not show any significant difference between aggregate types which confirms that 
macro-texture is a mix related property and is not affected by aggregate type . 
Mix Type Superpave 19 mm Superpave 12.5 mm SMA OGFC 
Superpave 19 mm  0.82 0.00 0.00 
Superpave 12.5 mm 0.82  0.00 0.00 
SMA 0.00 0.00  0.00 
OGFC 0.00 0.00 0.00  
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Figure 4.10 Average MPD by Mix and Aggregate Type   
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Table 4.9 Comparison Significance Level (P-values) of MPD Values of Different Aggregate 
Type at Polish Cycle 5000. 
*Note: Non-Significant p-values are highlighted. 
4.2.3 International Friction Index (IFI) 
 Further, the IFI values are calculated for each mix type and aggregate blend to evaluate 
the frictional characteristics which will comprise of both micro- and macro- texture. The DF20 
and CTM results were used to calculate F(60) values using Equation 2.8. The constants “a” and 
“b” in the Equation 2.8 were chosen as 14.2 and 89.7, respectively, according to ASTM E 1960. 
Figure 4.11 shows the F(60) plot for different mix and aggregate types against the polishing 
cycles. It shows that F(60) decreases with an increase in the polishing cycle. The OGFC and 
SMA sandstone have the highest F(60) values followed by the Superpave sandstone mixes, SMA 
limestone, and LS/SS blend for OGFC and SMA. The Superpave limestone, Superpave 
limestone/sandstone blends and OGFC limestone mixes have lowest F(60) values. The 
Superpave sandstone mixes have high DF20 values, but F(60) values for them are comparatively 
less than OGFC and SMA mixes, which indicates that the F(60) comprises of both micro- and 
macro-texture and represent skid resistance. This also implies that DFT values alone cannot 
address the skid resistance of a pavement. The F(60) plot in Figure 4.11 also suggests three 
distinguished clusters of mixes. Further, ANOVA analysis is performed to establish the statistical 
ranking (Table 4.10) of mix designs according to their F(60) value against polishing cycle.  
Aggregate Type Limestone Sandstone Limestone + Sandstone 
Limestone  0.35 0.98 
Sandstone 0.35  0.44 
Limestone + Sandstone 0.98 0.44  
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Figure 4.11 F(60) for Different Mix and Aggregate Type by  Polishing Cycle 
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 Table 4.10 shows the ranking of mix designs according to the F(60) values obtained. The 
mixes within each category does not show any significant difference in their terminal F(60) 
values. 
Table 4.10 Statistical Ranking of Mix Designs by F(60) 
No. Mix Designation Ranking 
1 OGFC‐SS A 
2 SMA‐SS A 
3 SP12.5‐SS B 
4 SP19‐SS B 
5 OGFC‐LS/SS B 
6 SMA‐LS/SS B 
7 SMA‐LS B 
8 OGFC‐LS B 
9 SP19‐LS/SS C 
10 SP12.5‐LS/SS C 
11 SP19‐LS C 
12 SP12.5‐LS C 
 
 The ranking of mix designs in Table 4.10 indicates that the SMA and OGFC mix with 
low micro-texture aggregate can perform the same or better than Superpave mixes with high 
friction aggregate. This ranking includes all polishing cycle which can be seen as performance of 
the mixes in terms of skid resistance under the traffic load for a normal pavement design life.  
 Figure 4.12 presents the mean F(60) values for different mixes including all aggregate 
types for initial and terminal (5,000 and 100,000) polish cycles. Also, Figure 4.12 shows the 
OGFC and SMA mixes have the highest F(60) values, which indicates that open graded mixes 
performs better than dense graded mixes in terms of skid resistance. 
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Figure 4.12 Mean F60 Values by Mix Type at Polish Cycle 5000 and 100000. 
 
 Further, Figures 4.13, 4.14, and 4.15 show the F(60) values for different mix types by the 
aggregate type. For limestone only mixes, SMA shows the highest F(60) value, whereas for 
sandstone and limestone/sandstone blend, both SMA and OGFC mixes perform higher in terms 
of their F(60) values. These analyses evaluate good and poor asphalt friction mixtures and 
aggregates and infer that a mix design of adequate skid resistance can be obtained with the 
combination of poor friction aggregate with good friction mix or high friction aggregate with 
poor friction mix.  
 Further, statistical analyses have been performed on F(60) values for different mix and 
aggregate types using SAS 9.2. Table 4.11 shows the comparison of different aggregate types, 
including all mix types, and indicates that limestone and limestone/sandstone blend do not show 
significant difference in their F(60) values. This observation infers that 30% of coarse aggregate 
of sandstone is not good enough to increase the skid resistance of limestone/sandstone blend 
significantly. 
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Figure 4.13 Mean F(60) for Limestone Only Mixes 
 
Figure 4.14 Mean F(60) for Sandstone Only Mixes 
Figure 4.15 Mean F(60) for LS/SS Blend Mixes 
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Table 4.11 Comparison Significance Level (P-values) of F60 Values of Different Aggregate 
Type at Polish Cycle 5000. 
 *Note: Non-Significant P-Values are highlighted. 
 Further, a relationship between DF20 and F(60) has been established by defining each 
individual mix type with a band of MPD values. The relationship is shown in Figure 4.16. 
 From the evaluation of MPD values, it can be interpreted that the macro-texture is mostly 
dependent on the mix design and can be illustrated as a range of values for a particular mix 
design. Different mix designs can be defined by a range of MPD values which can be used in 
friction design. The range of MPD for different mix designs are provided in Figure 4.16. It 
should be noted that this range of MPD values are similar with MTD values of French 
specifications for texture demand developed by the French Highway Commission (Dupont and 
Boudin, 2005). 
 The combination of DFT and MPD values can be used to develop a relationship to 
evaluate the friction outcome of different mix designs. Figure 4.16 shows the DF20 plot against 
F(60) values, which shows the required MPD (macro-texture) and DFT (micro-texture) for a 
specified F(60) [IFI] friction values. The slope for the OGFC mixture has the lowest slope which 
indicates the degradation in micro-texture is lowest for OGFC mixes and OGFC mix can achieve 
sufficient surface friction with the combination of low DF20 and high MPD or vice-versa. The 
relationship shown in Figure 4.16 illustrates the MPD and DF20 combination which can be 
regarded as the requirement for asphalt mixes for achieving a specified skid resistance value.  
Aggregate Type Limestone Sandstone Limestone + Sandstone 
Limestone  0.00 0.96 
Sandstone 0.00  0.00 
Limestone + Sandstone 0.96 0..00  
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Figure 4.16 DF20 Vs. F(60) 
 For friction design of asphalt mixtures, a design threshold value of friction is needed. So, 
the IFI value needed to be converted into a skid resistance value from LWST. The F(60) value 
cannot be estimated until the asphalt is laid, and the inventory database of DFT and MPD values 
are not available for pavement sections in Louisiana.  
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CHAPTER 5 EVALUATION OF FIELD SKID RESISTANCE DATA 
 In this section, SN data from historical friction database have been analyzed to 
investigate the asphalt mixture type and aggregate effect on the friction outcome. The historic 
pavement friction database has the skid resistance measurements taken by the locked wheel skid 
tester (LWST) for pavement sections in Louisiana.  Also, different types of aggregates used in 
the wearing course in Louisiana pavements are illustrated for their friction outcome along with 
the analysis of aggregate blends. An attempt has been made to estimate investigatory and 
intervention levels of friction values for Louisiana pavements. Further, relationships between 
mix type and SN have been estimated and analyzed. 
 The historical friction inventory database contains the skid resistance (SN), pavement 
age, test log miles, functional type, control section, average daily traffic (ADT), aggregate types 
and their percentage, and aggregate’s friction rating. Extensive work was required to prepare the 
database by matching the database with the mix data from the Pavement Management Section 
(PMS) database to the LWST test records (historical friction database), which contains a large 
amount of test data dated since 1982. Before 2000, LADOTD used to perform the LWST only 
for the accident sites, so several of the control sections are missing test data for multiple dates. 
The nine digit control section number, which contains pavement section identity and project 
number, was used to match the PMS database to the LWST records. As mentioned in Chapter 2, 
the LWST measures the wet skid resistance of the pavement by measuring the torque when 
wheels are locked. According to ASTM E 274, the test speed of LWST can be 30, 40, or 50 mph 
and can be performed with both smooth and ribbed tire. The LADOTD used to run LWST at an 
average test speed of 40 mph, but after 2000, the average test speed was changed to 50 mph due 
to high traffic on interstates. The friction database also contains LWST test records at 50 mph 
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but for the evaluation of field test data study, only 40 mph test data with ribbed tires have been 
considered. In this study a SN or SN40 denotes the skid resistance taken at the test speed of 40 
mph with a ribbed tire. 
  This study also includes an evaluation of performance of mixture and aggregate type in 
terms of skid resistance (SN) based on functional class of pavement and friction rating of 
aggregates. The field test data has also been analyzed for degradation in SN, threshold values of 
skid resistance and relationships to predict field skid resistance from the mixture and aggregate 
properties. 
 5.1 Pavement Sections                
  A total of 294 pavement sections have been considered for this study, a total of 1068 
data records for SN. Further, to analyze the database, it has been categorized geographically, by 
functional class, mixture type, and friction rating of aggregate used in wearing coarse mix. The 
geographical distribution of the SN test sections by LADOTD districts is shown in Table 5.1. 
The test sections are distributed across the nine LADOTD districts.  
 
 
Table 5.1 Number of Studied Road Sections in Each District 
 
 
 
 
 
 
 
  
LADOTD District 
Number of Test 
Sections 
02 58 
03 17 
04 18 
05 37 
07 38 
08 57 
58 31 
61 26 
62 12 
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 These districts are the regions established by LADOTD for the purpose of construction 
and rehabilitation of pavements in Louisiana.  As shown in table 5.1, District 02 (Bridge City) 
and District 08 (Alexandria)) have the majority of test sections. Due to high variability in the 
friction database, some of the districts have fewer sections than the others.  
 
Table 5.2 Pavement Sections by Their Function Class 
 
 Also, the pavement sections are categorized into three functional classes of highways, 
which are Interstate, U.S. Highways, and LA Highways.  Table 5.2 illustrates the breakdown of 
pavement sections by the functional class with the SN40 data statistics. The breakdown of the 
database into major functional class is associated with the identification of traffic groups in 
which the variation of skid resistance can be considered homogenous since the polishing of road 
surface aggregates are related with the traffic volume. 
 In Table 5.2, LA highways have the most number of pavement sections followed by US 
highways and Interstates. The Interstate and US highways show higher mean and median of SN40 
values than LA highways which confers to the higher ADT of these functional class. Also the 
variation in SN40 is more for Interstate, which can be interpreted as the higher degradation in 
surface friction for interstates due to high traffic volume.   
 Further, the pavement sections are categorized by pavement surface course mix types into 
three groups i.e. 03, 08 and 8F mix types. These three mix designs have been historically used 
Type No. of Sections 
SN40 
Average Median Min. Max. Std. Dev. 
Interstate 28 42.05 42.66 24.48 57.29 7.02 
US Highway 119 39.27 39.22 25.52 55.79 5.82 
LA Highway 147 37.64 37.45 24.82 56.24 5.74 
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for wearing courses in Louisiana. The database also included skid data for airport runway 
wearing courses which were not considered in this study. Other new types of mix designs could 
not be considered because of lack of multiple year skid resistance data for same control sections. 
Also, the aggregate types are defined by the friction rating established by LADOTD, which is 
based on the polish stone value (PSV) obtained by British pendulum test (BPT). 
5.2 Data Summary 
 To have a better understanding of the skid resistance data, a data distribution chart is 
plotted. Figure 5.1 is the distribution of all the SN40 data records by the LWST test sections. The 
majority of sites have the skid number (SN40) between 30 and 50. There are 56 sections with 
SN40 equal to 37, which is the maximum number of sections having same skid number.  
 
Figure 5.1 Distribution of Skid Resistance Data 
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Table 5.3 Summary of Field Skid Resistance (SN) Data  
Function Type Mix Type Friction Rating Count (N) Median Mean Min. Max. Std. Dev. 
Interstate 
 
 
Type 03 
 
FR III 70 38.81 36.91 28.71 49.3 4.99 
FR III + FR IV 5 33.33 42.82 24.48 43 0.15 
FR IV 3 42.82 42.82 42.66 43 0.15 
Type 08 
FR I +FR III 37 45.53 42.73 28.1 50 6.56 
FR III 30 34.1 35.24 26.2 52.7 6.09 
Type 8F 
 
 
FR I 6 50.3 48.93 46.45 51 3.67 
FR I +FR III 3 40.14 38.81 34.4 41.9 3.92 
FR II 12 47.81 47.35 38.9 57.3 6.14 
FR III 6 35.83 41.81 40.89 42.4 1.12 
FR II +FR III 4 47.15 46.98 43.9 49.7 2.62 
LA HWY 
 
 
Type 03 
 
FR II 27 40.93 37.51 29.64 42.7 6.14 
FR III 232 37.66 37.83 25.13 57.9 5.37 
FR III + FR IV 4 37.54 37.14 32.63 40.8 4.06 
Type 08 
 
FR II 9 40.23 42.26 39.17 45.9 5.87 
FR II + FR III 66 39.52 38.98 29.21 55.1 4.91 
FR III 21 40.39 40.16 30.28 45.4 3.74 
FR I + FR III 12 40.63 46.67 44.42 48.7 4.26 
Type 8F 
 
FR I + FR III 12 40.55 40.67 32.63 44.2 3.4 
FR II 7 50.29 49.23 47.56 54.8 2.62 
FR III 16 36.52 39.48 29.64 50.3 7.04 
US HWY 
 
 
 
 
Type 03 
 
FRI 2 56.35 56.35 51 61.7 7.57 
FR II 35 43.66 43.49 39.95 47.9 3.62 
FR III 176 36.65 38.34 27.35 60.5 6.18 
FR II + FR III 12 33.62 33.92 32.6 36.5 1.31 
Type 08 
 
 
FR I 11 48.13 49.97 47.09 54.1 5.51 
FR II 49 43.33 41.7 32.89 47.1 3.55 
FR I + FR III 83 39.31 42.25 30.79 56.4 6.78 
FR III 24 41.32 43.61 33.97 57.7 6.61 
FR II + FR III 5 40.8 40.33 38.68 41.2 1 
Type 8F 
 
FR I 6 41.29 43.81 40.26 49.6 7.75 
FR I + FR III 14 38.25 40.28 35.06 44.1 4.5 
FR II 22 45.08 46.46 41.33 52.7 3.64 
FR III 45 39.72 39.69 29.6 52.2 5.94 
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 Table 5.3 shows the summary of the studied friction database by functional class, mix 
type and friction rating of aggregate type. The pavement sections had a wide range of variation 
in measured skid resistance (SN40) data. The variations are due to numerous factors, such as 
aggregate type, mix type, traffic, environmental condition etc. Due to high standard error in the 
data and an un-equality of data record counts for each friction rating and mix type, this analysis 
has attempted to evaluate the data by their median values. This summary (Table 5.3) shows the 
performance of the aggregate by friction rating, mixture type, and functional class. The high 
friction aggregate shows high medians compared to medium and low friction aggregates for the 
majority of the functional class and mix types. Also, aggregate blends of two aggregates of 
different friction ratings show SN40 in middle range for a number of pavement sections. Besides 
high variability in the database, it can be inferred from the Table 5.3 that the combination of two 
different friction rating aggregate can perform in comparison with the higher friction rating.  
5.3 Traffic Volume 
 The consideration of traffic volume is important in the evaluation of performance of 
aggregate and mix type for a specified pavement section. Table 5.4 illustrates the average daily 
traffic (ADT) for three functional classes. Interstate has the highest volume of traffic followed by 
US highways and LA highways. These three groups of traffic have been considered to represent 
three different polish effects to the surface aggregate of the asphalt pavements.  
Table 5.4 ADT by Functional Class 
Functional Class 
Count 
(N) 
Average Min. Max. Std. Dev. 
Interstate 180 39936 8129 68352 29046 
LA Highways 409 7169 851 36961 5920 
US Highways 479 14306 1213 60928 10599 
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 Further, the deterioration in skid resistance against the polish cycle (traffic effect) has 
been evaluated in terms of traffic index (T.I.). The T.I. basically represents the annual average 
daily truck traffic (AADTT). The definition of the T. I. is given in Equation 5.1. 
                           T.I. = Age of Pavement (Yrs.) × ADT × TTP ×365/ 1× 106                (5.1)                              
where: T.I. = Traffic Index (Million Vehicles); 
         ADT = Average Daily Traffic (No. of Vehicles); and 
          TTP = Truck Traffic Percentage of ADT (%). 
 A traffic index of 50 is approximately equivalent to the polishing of an interstate 
pavement section for 10 years with an ADT around 14000. While researchers have assumed the 
traffic effect of all vehicle types on the pavement surface polishing are the same (Masad et al., 
2009), this study assumes that truck traffic should be considered for the polishing of the 
pavement surface. 
5.4 Mix Design 
 Mix design types 03, 08 and 8F are three traditional mix designs used in Louisiana. The 
job mix formula (JMF) of these three mix design types have been given in Table 5.5. The mix 
types 08 and 8F were intended to provide better friction and designed for a higher volume of 
traffic.  
 Further, the friction database is grouped by the mix types and the box plot statistics of 
three mix design type is presented in Figure 5.2. The median value of SN40 is higher for types 08 
and 8F in comparison with type 03. Also the type 8F shows less variation than types 08 and 03. 
The higher median for types 08 and 8F suggests that these mix types have a higher retention of 
surface friction. But the mix type effect cannot be ascertained without considering the aggregate 
type used in the mix design. 
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Table 5.5 Mixture Requirements (LADOTD Specification, 2000 Edition) 
        1 Job Mix Formula based on approved mix design 
        2 A - Gravel, B – Slag, C – Stone approved for wearing course. 
 
 
 
Figure 5.2 Box Plot for the Mixtures by Skid Resistance 
 To further evaluate the mix types the skid resistance data were sorted by the aggregate 
type and the average SN40 value for each aggregate type were plotted. Figure 5.3 illustrates 
Mix Design 
U. S. sieve % 
passing 
Type 3 Type 8 Type 8F Mix Tolerance
1 
 
Wearing Course 
(Mix code 05) 
¾ inch Nominal 
Size 
Wearing Course 
(Mix Code 20) 
¾ inch Nominal 
Size 
Wearing Course 
(Mix Code 22) 
¾ inch Nominal 
Size 
 
1 ½ in. - - - ±6 
I in. 100 100 100 ±6 
¾ in. 90-100 90-100 90-100 ±6 
½ in. 89 Max. 89 Max. 89 Max. ±6 
3/8 in. - - - ±6 
No. 4 - - - ±6 
No. 8 23-49 23-49 23-49 ±5 
No. 16 - - - ±3 
No. 30 - - - ±3 
No. 50 - - - ±3 
No. 100 - - - ±2.0 
No. 200 2.0-8.0 2.0-8.0 2.0-8.0 ±2.0 
Extracted Asphalt % - - - ±0.4 
% Crushed Min. 85 90 90  
Aggregate2 A,B,C A,B,C A,B,C  
Mar. Flow 1/100 in. 6-15 6-15 6-15  
% Air Voids 3.0-5.0 3.0-5.0 3.0-5.0  
% VMA, Min. 13.0 13.0 13.0  
% Rap, Max.3 0.0 0.0 0.0  
Binder Type PG 70-22m PG 76-22m PG 76-22m  
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friction performance of different aggregate type by mixture type. For this analysis, different 
sources for the same type of aggregates were considered the same. Aggregate Rhyolite Traprock 
shows the highest average SN40 among all the aggregate types. For types 08 and 8F, skid number 
for the same aggregate type is higher than that of type 03. The two aggregates limestone and 
sandstone show the highest difference in their SN40 for mix 8F. Figure 5.3 clearly indicates that 
the mixture design plays an important role in the outcome of skid resistance. 
Figure 5.3 Different Aggregates Skid Resistance by Mix Types 
5.5 Aggregate Type 
 Table 5.6 shows the list of 34 aggregates used in the surface mix designs considered in 
this study with aggregate source code and their friction rating.  These aggregates are the most 
commonly used aggregates in wearing course in Louisiana. This list shows the most used 
aggregate types as chert gravel and sandstone, which are friction rating III and I, respectively. 
Chert gravel being more susceptible to polishing has been used extensively in combination with 
sandstone in Louisiana wearing course. It should be noted that most of these aggregate sources 
have their quarry outside Louisiana.  
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Table 5.6 Aggregate Source Used in Pavement Sections 
No. Source Code 
Aggregate 
Type 
LADOTD 
Friction 
Rating 
1 A133 Chert Gravel 3 
2 A602 Chert Gravel 3 
3 A812 Chert Gravel 3 
4 A607 Chert Gravel 3 
5 A812 Chert Gravel 3 
6 AA79 Chert Gravel 3 
7 AB07 Chert Gravel 3 
8 AX03 Chert Gravel 3 
9 AX07 Chert Gravel 3 
10 AX23 Chert Gravel 3 
11 AX52 Chert Gravel 3 
12 AA78 Chert Gravel 4 
13 AA15 Granite 3 
14 A037 Limestone 3 
15 AA50 Limestone 3 
16 AB29 Limestone 3 
17 AB37 Limestone 3 
18 A056 Limestone 4 
19 AA56 Limestone 4 
20 AA44 Novaculite 2 
21 A079 Oolitic Stone 3 
22 AA55 Oolitic Stone 4 
23 AA92 Rhyolite 
Traprock 
2 
24 A061 Sandstone 1 
25 A066 Sandstone 1 
26 A067 Sandstone 1 
27 A089 Sandstone 1 
28 AA35 Sandstone 1 
29 AA66 Sandstone 1 
30 AB13 Sandstone 1 
31 AB40 Sandstone 1 
32 AA52 Sandstone 2 
33 A033 Syenite 
Granite 
3 
34 AA43 Syenite 
Granite 
3 
 
 Out of 34 aggregates listed in Table 5.6, six typical aggregates were evaluated for their 
frictional outcome by mix type and aggregate type due to their extensive use in Louisiana and 
availability of multiple year skid resistance data for same pavement section. Table 5.7 shows the 
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listing of typical six aggregates. These typical aggregates are the most used aggregates in the 
pavement construction in Louisiana. The performance of these typical aggregates in different 
mix types have been illustrated by plotting SN40 vs. age plots. 
 
Table 5.7 Typical Aggregates Selected for Comparison 
 
 
 
 
 
 
 
 
 
  
  
 Figure 5.4 shows the average SN40 for typical aggregates by mix types and control 
section number of the pavement sections. For all three mix types (03, 08 and 8F), aggregate 
types AA66 (sandstone), AA52 (sandstone) and AA44 (novaculite) show better performance 
than other aggregates. AA50 (limestone) shows a relatively better performance in mix type 08. 
 Figure 5.5 shows aggregate different aggregate’s characteristics by the mix types. 
Aggregate type AA50 performs better in terms of skid resistance with mix type 8F followed by 
mix types 08 and 03. For AA66, mix type 08 yields more friction than mix type 03. For other 
aggregates, mix type 08 shows slightly greater friction value than mix type 03.  
 These results indicate that the same aggregate type performs differently when used in 
different mix types. From the Figures (5.4 and 5.5), it can be implied that low friction aggregate 
shows better friction value when used in high friction mix type. The AA50 performs better with 
mix types 08 and 8F, which are the friction mixes intended for high friction pavements. 
Aggregate Type Source Code 
Friction 
Rating 
Chert Gravel A133 III 
Limestone A037 III 
Limestone AA50 III 
Novaculite AA44 II 
Sandstone AA52 II 
Sandstone AA66 I 
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Figure 5.4 Comparison of Aggregate Performance by Mix Type 
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Figure 5.5 Comparison of Aggregate Performance by Mix Type 
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5.6 Initial Friction of Aggregate Blends in the Asphalt Mixes 
 This analysis attempts to evaluate different aggregate blends for the initial friction 
outcome by their coarse aggregate percentage in the mix. The evaluation of aggregate for the 
initial friction has been performed by first evaluating the combination of limestone (low friction) 
with sandstone (high friction) aggregates in achieving initial SN40 (Figure 5.6 and 5.7). Since a 
number of aggregate types have been used in pavement construction in Louisiana, the aggregate 
types are grouped by their friction rating and the initial friction outcome has been plotted with 
the mix type and control-section number of the particular pavement sections. The skid number 
(SN40) taken within the first year of the project completion date has been taken as initial SN40 
value. 
  Figure 5.6 shows the variation in initial SN40 with the variation in limestone percentage 
in limestone only mixes. The initial SN40 values show a decreasing trend with an increase of 
limestone coarse aggregate. Further, Figure 5.7 shows the initial skid resistance of a limestone 
and sandstone combined mix. Also, it can be inferred that increasing the limestone aggregate 
percentage in the coarse aggregate blend results in less initial SN40. 
 
 
 
 
Figure 5.6 Initial Skid Resistance of Mix Having Only Limestone as Coarse Aggregate 
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Figure 5.7 Initial Skid Resistance by Limestone % for Mixes Combined with Sandstone 
Aggregate 
 Furthermore, Figures 5.8, 5.9 and 5.10 shows the initial SN40 for a different friction 
rating for Interstate, LA highways and US highways by coarse aggregate percentage in the mix. 
The graphs also show the mix type and control-section number information for pavement 
sections. The objective behind this analysis was to evaluate the aggregates used in pavements by 
their friction rating. This analysis also shows the aggregate blends of different friction ratings. 
 Figure 5.8 shows the initial SN40 for aggregate of different friction rating used in 
Interstate pavement sections. For friction ratings I, II, and I+III, the skid resistance value is 
above 40 for all pavement sections and a majority of mix types are 08 and 8F, which indicates 
that the aggregate with a friction rating of I and II aggregate achieve higher friction when used in 
mix type 08 and 8F. It should be noted that 08 and 8F mix types are friction mixes designed for 
higher friction. For friction rating III, SN40 value shows decreasing trend with the increase in 
coarse aggregate percentage. The aggregate blend of friction rating I+III also show the 
decreasing trend in initial friction with the increase in coarse aggregate percentage of friction 
rating III. These results confirm that the higher percentage of higher friction rating aggregate 
performs better in terms of friction than lower friction rating aggregate. 
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 Figures 5.9 and 5.10 illustrate the initial friction outcome by coarse aggregate 
percentages of the aggregates in the mix. For both LA highway and US highway, friction ratings 
I and II show a higher initial friction value. For the friction rating III and blend of I+III, the skid 
resistance decrease with an increasing percentage of friction rating III aggregate. These results 
also indicate that the coarse aggregate percentage of friction rating III should be limited in the 
mix to achieve high initial friction.  
 
 
  
Figure 5.8 Initial SN40 by the Aggregate Friction Rating for Interstate 
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Figure 5.9 Initial SN40 by the Aggregate Friction Rating for LA Highway 
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Figure 5.10 Initial SN40 by the Aggregate Friction Rating for US Highway 
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5.7 Traffic Index Vs. Skid Resistance 
 The deterioration rate in SN40 for an aggregate type is important in terms of retaining 
frictional resistance for a long term of pavement life. This study attempts to evaluate limestone, 
novaculite, and sandstone aggregate types which represent friction ratings I, II, and III 
respectively. The polishing curves for these three aggregate types against the traffic index are 
plotted in Figures 5.11, 5.12 and 5.13. Each marker type in the figures represents a different 
pavement section denoted by “S” in the legend. Since each pavement section has its own 
degradation curve, an average degradation curve as a fitted line for all source type and section 
has been plotted for each aggregate type. 
 Figures 5.11-5.13 represent the friction degradation curve for limestone (friction rating 
III), novaculite (friction rating II) and sandstone (Friction Rating III) aggregate type respectively. 
The sources AB37 and AB29 show higher initial SN40 values than AA50 for limestone 
aggregates. The limestone mixes show the highest rate of depletion in friction compared with 
novaculite and sandstone aggregate types, as it shows significant loss of friction resistance in 
early life of polishing. The sandstone aggregate type shows high retention of SN40, whereas 
Novaculite aggregate shows intermediate degradation trend. The two sources of sandstone show 
different values of SN40 with polishing which may be due to different chemical composition of 
these two aggregates.  
 The plots indicate that limestone aggregate is highly susceptible to polishing than 
novaculite and sandstone aggregate. These plots also suggest that for the same friction level, 
aggregates show variation in frictional performance according to their source. These 
deterioration curves also indicate the ineffectiveness of a friction rating for the performance of 
aggregate in an asphalt mixture.  
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Figure 5.11 Degradation of Limestone Aggregates 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12 Degradation of Novaculite Aggregates 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13 Degradation of Sandstone Aggregates 
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5.8 Investigatory and Intervention Level of Friction 
To establish intervention and investigatory levels of friction, this study has adopted the 
third method from the Guide for Pavement Friction (Hall et al., 2009) but without the crash rate 
data from the skid resistance distribution plot from the historic pavement friction data inventory. 
Method 3 is the most robust approach to fix these threshold values as it has the advantage of 
allowing agencies to decide the number of roadway sections below a certain level to 
accommodate a highway agency’s needs and budget. 
 The investigatory and intervention levels of skid resistance number for the pavements are 
fixed by plotting the skid resistance data distribution chart (Figure 5.14). The average SN value 
for this distribution is 38.92 with a standard deviation of 6.28, and taking a conservative 
approach, SN = 38 is established as the investigatory level. The intervention level is chosen as 
“Average Skid Number – 1.2 * standard deviation”. The intervention level was estimated at SN 
equals to 32. 
 A high investigatory number would be un-realistic as the DOTD cannot perform the 
monitoring of a very large number of sections throughout the year. Also the crash rate plot gives 
a better realization of the friction level at which the rehabilitation must be needed. But in this 
study due to the lack of crash rate data, the threshold friction level are estimated in a different 
way than recommended by method three of the Guide for Friction.  
 A better assessment of these values can be done by establishing an array of friction 
demand category sections and evaluating the wet to dry crash rate data along with the skid 
resistance distribution in same type of demand category. However, establishment of friction 
demand categories for Louisiana pavements was beyond the scope of this study. 
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Figure 5.14 Estimation of Investigatory and Intervention Level of Friction. 
5.9 Relationship between Skid Resistance and Mix Properties 
Different aggregate properties and their influence on the skid resistance have been 
evaluated by the ANOVA analysis. The significance of different test variables along with traffic 
and polishing effect on skid resistance is shown in Table 5.8. A P-value less than 0.05 denotes 
the significance i.e. SN value is affected by particular variable. 
Table 5.8 Different Variables and Their Significance on Skid Resistance 
Variables t-value P-value 
Traffic Index -2.07 0.04 
Coarse Aggregate Percentage 0.93 0.35 
Fine Aggregate Percentage 1.40 0.001 
Saturated Surface Dry Density 2.81 0.01 
Water Absorption 1.69 0.09 
Magnesium Soundness Loss 0.77 0.44 
LA Abrasion Loss 3.48 0.01 
Silica Percentage 3.23 0.001 
Polish Stone Value 1.53 0.13 
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 The significance test shows that traffic index, fine aggregate percentage in mix, SSD 
density, LA abrasion loss value and silica percentage of aggregate influence the SN of asphalt 
mixes. This test was done for all the mix data so some of the variables did not show any 
influence on SN. 
 Further, a relationship of skid resistance with traffic volume and aggregate gradation has 
been investigated. The variables for the correlation of skid number (SN) used are coarse 
aggregate index (CAI), fine aggregate percentage (FAP), and traffic index (TI).  SN is assumed 
as the function of all the above indices,  
i.e.  SN = f{CAP, FAP, T.I.} 
where: CAI = Coarse (Crushed) Aggregate Index; 
 FAP = Fine Aggregate Percentage in the mix; and 
  T.I. = Traffic Index. 
 The evaluation of skid resistance in terms of traffic and aggregate percentage in the mix 
was performed to investigate the mix effect on skid resistance. The SAS 9.2 software program is 
used to find the multiple linear regression models for SN40. Table 5.9 shows the Pearson’s 
correlation coefficient of variables for different mixes and their corresponding P-values. The P-
values less than 0.05 denote significance. Unlike the previous significance test (Table 5.8), 
coarse and fine aggregate percentage show influence on SN values, since regression analysis is 
performed separately for each mix.  
 All three mixes showed a decreasing trend for mean skid resistance with the increase in 
T. I. The skid resistance was found inversely proportional to the fine aggregate index in more 
extent than with the coarse aggregate index. It can be inferred from these relationships that the 
skid resistance can be related with asphalt mix designs. 
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Table 5.9 Pearson’s Correlation Coefficient P-value Statistics 
 
 All three mixes were treated separately to find their own models. The linear regression 
models for the mixes 03, 08, and 8F are given as Equation 4.3, 4.4, and 4.5 respectively. 
Mix Type 03 
  SN = 29.049 - 0.0722T.I. + 0.1475 CAI - 0.2426 FAP       (R2= 62%)             (5.2) 
Mix Type 08 
  SN = 37.342 - 0.0629T.I. +0.0836 CAI  - 0.2537 FAP       (R2= 42%)             (5.3) 
Mix Type 8F 
            SN = 39.499 - 0.2089T.I. + 0.064 CAI - 0.2279 FAP        (R2= 45%)               (5.4) 
 
where:   SN = Skid Number (Measured by LWST with Ribbed Tire) at speed 50 mph; 
  T.I. = Traffic Index; 
            CAI = Coarse Aggregate Index; 
            FAP = Fine Aggregate Percentage; and 
            PSV = Polished Stone Value (measured with British Pendulum Number). 
 The plots between actual SN value and predicted model value as given by SAS program 
are shown in Figures 5.15, 5.16, and 5.17.  
 
 SN TI CAI FAP 
Mix 3 1 -0.2837 0.72137 -0.60855 
P-value  0.0001 <0.001 <0.001 
Mix 8 1 -0.25146 0.55891 -0.33195 
P-value  0.0307 <0.001 0.0039 
Mix 8F 1 -0.24302 0.52797 -0.26868 
P-value  0.0491 <0.001 0.0363 
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Figure 5.15 Actual SN40 Vs. Predicted SN40 from Model (2) for Mix 03 
 
 
 
 
 
Figure 5.16 Actual SN40 Vs. Predicted SN40 from Model (3) for Mix 08 
            
 
 
 
 
Figure 5.17 Actual SN40 Vs. Predicted SN40 from Model (4) for Mix 8F 
 
 
 
 
 
R² = 0.6179
25
35
45
55
25 35 45 55
A
ct
u
a
l 
 S
N
4
0
Predicted SN40
R² = 0.422
25
35
45
55
25 35 45 55
A
ct
u
a
l 
 S
N
4
0
Predicted SN40
R² = 0.4518
25
35
45
55
25 35 45 55
A
ct
u
a
l 
 S
N
4
0
Predicted SN40
105 
 
Further, the relationships (Equation 5.2-5.4) are compared to evaluate the prediction 
pattern. Figure 5.18 shows the prediction lines for three mixes. Mixes 08 and 8F show similar 
predicted values against measured values, whereas mix 03 has different prediction pattern.  
 
 
 
Figure 5.18 Comparison of Relationships for Different Louisiana Mixes 
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CHAPTER 6 DEVLOPMENT OF FRICTION DESIGN GUIDELINES 
 The results presented in the previous chapter clearly indicate that the mix and aggregate 
type influence the friction outcome. High macro-texture mixtures such as SMA and OGFC 
showed adequate frictional resistance with low micro-texture aggregates and vice-versa. The 
results further indicate that a guideline can be established for friction design of asphalt mixtures 
which will use the combination of micro- and macro-texture to predict field skid resistance (SN). 
To recommend a new Louisiana surface friction design guideline for the asphalt wearing course, 
the following relationships were developed. 
6.1 Relationship Between SN and F(60) 
 The relationship between SN50 and F(60) is shown as Equation 6.1 as provided  by 
ASTM E 1960.  
                              F(60) = -0.023+0.607×SN*e(20/Sp)+0.098×MTD                                          (6.1) 
where: SN = Average Skid Number by LWST; 
  Sp = Speed Constant = -11.6+113.6×MTD; and 
       MTD = Mean Texture Depth. 
 The converted F(60) values and their corresponding SN50 field data have been plotted in 
Figure 6.1. The relationship (Equation 6.2) between F(60) and SN50 shows a  coefficient of 
determination of 99% which indicates that the skid resistance can be converted into F(60) with 
high accuracy.  
                                     F(60) = 0.649 SN50 + 0.0572                                                                 (6.2) 
where: F(60) = International Friction Number; and 
            SN50 = Skid resistance by LWST at test speed 50 mph using ribbed tire. 
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Figure 6.1 Conversion of Field SN50 into F(60) 
 LTRC is performing a regular monitoring of selected pavements in terms of skid 
resistance and had annual testing inventory of SN50 data for those particular sections for multiple 
years. The test data from these sections also contain macro-texture measurement as Mean 
Texture Depth (MTD). The regularly monitored control sections 454-02, 450-08,450-11, 450-13 
had altogether 12 SN measurement sites. These control sections are on Interstate I-10 and I-12, 
which has high traffic volume throughout the year. The study of these pavement sections SN50 
data was relevant to this study because these sections represent similar aggregate blends, 
limestone FR(III), sandstone (FR I), and limestone/sandstone FR(I + III), as those used in the 
laboratory study. All these pavement sections have Superpave 19 mm mix design. The SN50 
datasheet for these sections are attached in appendix A. 
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6.2 Relationship Between F(60) and PSV                                                                                  
 A mix friction design should evaluate aggregate types by their F(60) values, but direct 
F(60) measurement on aggregates cannot be performed. So the relationship between F(60) and 
PSV can be used in the selection of aggregate based on their design F(60) value of the mix. 
Figure 6.2 show the relationships between PSV and F(60) for four laboratory studied mixes. 
These relationships indicate the variation of F(60) values of different mix type with the PSV 
values of aggregate blend. Lower slope for OGFC and SMA mixes show that these mixes can 
provide better F(60) values for the same aggregate type than Superpave mixes. Furthermore, 
Equations (6.3- 6.6) can be used to directly estimate the target design F(60) value for the given 
PSV value of aggregate blend and vice-versa. This relationship is also helpful to choose specific 
mix design according to the aggregate blend’s PSV and required F(60) values. Further, PSV for 
different aggregate blends can be determined by using charts developed by Ashby (Ashby, 
1980).  
 F(60) = -0.121(PSV)2 + 6.334(PSV) – 45.035           Superpave 19mm                       (6.3) 
 F(60) = -0.243(PSV)2 + 12.02(PSV) – 110.84           Superpave 12.5mm                    (6.4) 
 F(60) = 0.087(PSV)2 – 3.468(PSV) + 65.44               SMA                                          (6.5) 
 F(60) = 0.020(PSV)2 – 0.342(PSV) + 29.416             OGFC                                        (6.6)  
 
 
 
 
 
 
Figure 6.2 A Relationship between F(60) and PSV 
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6.3 Prediction of F(60) at Different Polishing Cycles 
 To estimate the rate of polishing of asphalt pavement surface due to traffic volume, a 
relationship is established to evaluate the polishing effect on F(60). A non-linear regression 
analysis (NLIN procedure) in SAS 9.2 was performed to establish the relationship. The 
prediction of F(60) is based on MPD, DFT and polish cycle. This analysis includes all four mix 
types and three aggregate blend's data. Equation 6.7 presents the relationship of F(60) with MPD, 
DFT, and polish cycle. The coefficient of determination is 88% for the relationship which 
indicates that this relationship can evaluate the degradation in friction at the end of specified 
polish cycles. 
 
 
where: F(60) = IFI at speed 60 km/hr; 
 MPD = Mean Profle Depth by Circular Texture Meter; 
 DF20 = Dynamic Friction Test value at speed 20 km/hr; and 
           Cycle = Polishing Cycle.  
Figure 6.3 Decrease in F(60) with Polish Cycle  
F(60)= (2.18 + 13.5×MPD + 0.38 × DF20) × exp
(-1.73E-06 × Cycle)                          (6.7) 
 
Coefficient of Determination (R2) = 88% 
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Figure 6.3 shows a fitted curve for  Equaton 6.7 using all the mix data. The curve shows 
the decrease in F(60) with the polish cycle. This curve is a representative curve for all the mixes 
used in this study.  
6.4 Relationship Between Traffic Loading and Polishing Cycle (N) 
 Masad et al. developed a relationship between in situ traffic loading and the laboratory 
polishing cycles (Masad 2009): 
   TMF = 35600/ [1+15.96×exp(-4.78×10-2× N)]                                      (6.8) 
where:      N = Polishing cycle (in thousands), and 
 TMF = Traffic multiplication factor (TMF = AADT x Years in Service/1000). 
6.5 Friction Guidelines for Surface Asphalt Mixture Design 
 The friction guideline for the wearing course friction design of asphalt mixture in 
Louisiana is based on the relationships developed in this study. This guideline presents the 
procedures for predicting field skid resistance (SN) and validation with laboratory tests. The 
design guideline is outlined in following steps: 
• Determine the friction demand value for the pavement section to select a design SN based 
on the traffic volume (TMF). 
• Calculate TMF based on the provided AADT. 
• Change the TMF into polishing cycle using Equation 6.8.  
• Calculate the required F(60)des based on the design SN using Equation 6.2. 
• Select a mixture type (i.e. Superpave 19mm, Superpave 12.5-mm, SMA, and OGFC). 
• Calculate the required PSV based on the mix design and required F(60) using equations 
6.3-6.6. 
111 
 
• Choose the aggregate blend based on required PSV. Refer to the listed PSV of aggregates 
in the quality product list (QPL) of aggregate by DOTD and for blend aggregates the 
Ashby chart (Ashby, 1980). 
• Perform mix design and prepare friction test slabs (follow the methodology of this report 
to prepare slabs for friction tests). 
• Measure the DF20 and MPD on the slabs. 
• Calculate F(60)slab based on DF20, MPD and polishing cycle using Equation 6.7. 
• If F(60)slabs ≥ F(60)des. Friction design is satisfactory and complete. 
• If F(60)slabs < F(60)des. Repeat the procedure by choosing different “Mix type” or 
“Aggregate Blend”. 
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CHAPTER 7 CONCLUSIONS AND RECOMENDATIONS 
7.1 Summary and Conclusions 
 The laboratory and field assessment of the effect of mixture types on the surface friction 
properties were evaluated. In laboratory study, twelve mixture types including four mix types 
and three aggregate blends were evaluated for the surface friction properties. The aggregates 
were tested for the polishing resistance and texture properties with the British pendulum, micro-
deval, and aggregate imaging system (AIMS) devices. The mixture slabs were tested for the 
micro- and macro-texture by DFT and CTM. The changes in micro- and macro-texture properties 
of asphalt slab with polishing by three-wheel accelerated polishing device were evaluated and 
the results were analyzed and discussed. The field study evaluated the effect of mix and 
aggregate type on skid resistance. The investigatory and intervention level of friction values were 
established for the Louisiana asphalt pavements. 
 The laboratory results of DFT measurements indicated the decrease in friction number 
(FN) with the slab polishing. The statistical analysis of DF20 test data showed the difference in 
micro-texture by mixture types. The effect of aggregate type, mix type, test speed, and polish 
cycle on the DF20 result were evaluated by statistical analysis and the result showed that the 
aggregate type influences DF20 more than any other variables. Also the regression analysis of 
DF20 test data (Equation 4.1) indicated the higher rate of polishing for Superpave mixes (Dense 
Mixes) than SMA and OGFC (Open Graded) mixes. 
 The CTM results showed that the MPD is strongly influenced by the mix type than the 
aggregate type. The Open Graded mixes (SMA and OGFC) showed higher MPD values than the 
Superpave mixes. The DFT and CTM result were combined to calculate the International 
Friction Index (IFI) friction number i.e. F(60) values. The F(60) values uses both micro- and 
113 
 
macro-texture properties of the mixes, hence can be regarded as the equivalent to skid resistance 
(SN). The relationships between DF20, MPD, and F(60) were investigated for different mix types 
and the result showed that the combination of low MPD and high DFT or vice versa can produce 
an asphalt mixture of adequate F(60) values. Further, field data for Superpave mixes were 
evaluated to validate the equivalency between SN and F(60) values and the result indicated a 
strong correlation between these two friction numbers. A relationship between polished stone 
values (PSV) values of three aggregate blends obtained by British pendulum test and F(60) 
values were established for different mixes. 
 The field skid resistances (SN) test data obtained from LWST for a number of pavement 
sections in Louisiana were evaluated to study the performance of different types of aggregates 
and mix types in terms of friction outcome. An attempt was made to establish the friction 
demand threshold values for Louisiana Pavements and the Investigatory and Intervention friction 
values were estimated as 32 and 38 respectively. Further, the evaluation of different variables on 
the SN degradation showed it is influenced by mix design property (aggregate gradation), 
aggregate properties (silica composition, specific gravity, PSV), and traffic volume. The 
relationships between mix type and SN for three different mix types (03, 08, and 8F) were 
investigated. 
 Further, the laboratory test study results were used to develop a set of prediction models 
to develop a frictional mix design procedure as described in chapter 5. 
Based on the objectives of this study following conclusions are drawn: 
• The DF20 measurements are sensitive to the coarse aggregate type (related to micro-
texture) but not very sensitive to the mix type or aggregate gradation (related to macro-
texture). 
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• The CTM results showed a strong relationship between the macro-texture and mixture 
type. 
• This study showed that both the aggregate and wearing coarse mix properties influence 
the frictional outcome of the asphalt surface. 
• This study attempted to estimate the friction demand threshold values based upon the 
historic skid resistance data for Louisiana pavements. 
• In this study, it is clearly shown that when blending two different aggregates having 
different friction rating, only the individual aggregate’s friction rating criteria, established 
by LADOTD (Table 2.7), is not sufficient to evaluate the blend’s friction outcome. The 
mix design properties should be considered as well as the blend’s PSV to evaluate the 
friction outcome of an aggregate blend. 
• The F(60) results showed that it is possible to blend high and low friction aggregates 
together to produce an asphalt mixture with adequate skid resistance. 
• From this study a comprehensive laboratory surface friction mix design procedure based 
on friction demand and comprising both micro- and macro-texture properties of the 
asphalt mix surface is presented. This guideline with further field validation can be used 
as a specification for asphalt surface friction mix design for specified frictional need of 
different pavement sections. 
7.2 Recommendations 
• A field study should be performed to further validate the guideline presented in this study 
to implement it as the specification for surface friction mix design. The field study should 
select a number of currently used typical wearing mix design in Louisiana and the friction 
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guideline should be used in backward steps to predict the field SN. This predicted field 
SN should be compared with the LWST measured SN to validate the friction guideline.  
• A frictional demand categorization study should be performed according to the Guide for 
Pavement Friction (Hall et al., 2009) to establish different friction demand values for 
different type of pavement sections in Louisiana. 
• The macro-texture based specification (Table 2.4) developed by the French National 
Administration (Dupont  and Baudin, 2005) should be evaluated as it provides the similar 
macro-texture range values for different mixtures as the laboratory test study has shown 
for the typical  Louisiana mixes. This macro-texture based specification can be a 
supplement to the current LADOTD friction design guideline. 
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APPENDIX A SKID RESISTANCE DATA OF FIELD SUPERPAVE MIX DESIGN 
Table A.1 Skid Number Database of the Field Data of Superpave Mix Design 
 
 
 
 
 
Hwy 
 
Ctrl. 
Sect. 
Log Mile 
 
Aggregate 
Type 
Friction 
Rating 
Avg.  
SN50 
Age 
(Yrs.) 
MTD 
(mm) 
ADT Sp F(60) 
Spring LA 3002-Walker LA 447 
I-12 454-02 1.91-7.68EB 
Sandstone 
 
I 
53.9 0.00  
74022 
  
52.6 1.57 3.50 385.43 33.95 
50.3 2.53 3.33 366.69 32.55 
47.6 3.56 3.75 414.17 30.67 
44.9 4.93 3.40 374.41 29.06 
I-12 454-02 
7.68-1.91WB 
 
Sandstone  I 
52.8 0.00  
74022 
  
52.4 1.57 3.55 391.11 33.80 
49.2 2.53 3.26 358.28 31.87 
47.4 3.56 4.16 460.52 30.43 
42.7 4.93 3.61 398.04 27.58 
Walker LA 447-Livingston LA 63 
 
I-12 
 
454-02 7.68-4..51EB 
Novascotia 
 
II 
50.4 0.00 2.55 
74022 
277.85 33.10 
51 0.25 2.63 286.71 33.43 
46.1 0.69 2.65 289.78 30.22 
46.3 1.21 3.61 398.50 29.88 
42 2.24 3.02 331.47 27.35 
38.9 3.60 3.11 341.70 25.32 
 
I-12 
 
454-02 
14.51-
7.68WB 
Novascotia 
 
II 
50.5 0.00 2.49 
74022 
271.38 33.22 
52.1 0.25 2.51 272.97 34.25 
45.4 0.69 2.88 315.45 29.62 
44.7 1.21 3.53 388.84 28.89 
42.2 2.24 3.36 370.21 27.34 
38.5 3.60 3.20 351.58 25.03 
Livingston LA 63-Tangipahoa Parish Line 
I-12 454-02 
14.51-
25.82EB 
LS+SS  I+III 
49.7 0.00 2.99 
43427 
327.72 32.34 
48.5 0.96 3.19 350.78 31.46 
45.8 1.99 3.48 383.61 29.61 
43.9 3.35 3.26 358.51 28.47 
I-12 454-02 
25.82-
4.51WB 
LS+SS  I+III 
50.5 0.00 2.95 
43427 
323.63 32.87 
46.9 0.96 3.48 383.27 30.31 
44.7 1.99 3.62 399.06 28.86 
40.1 3.35 3.47 382.82 25.96 
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Table A.1 Skid Number Database of the Field Data of Superpave Mix Design (contd…) 
 
 
 
 
 
Hwy 
 
Ctrl. 
Sect. 
Log Mile 
 
Aggregate 
Type 
Friction 
Rating 
Avg.  
SN50 
Age 
(Yrs) 
MTD 
(mm) 
ADT Sp F(60) 
I-10 450-08 3.50-0.0 WB 
Limestone  
(AA50) 
III 
41.1 0.00  
61482 
  
31.1 2.57    
30.2 3.97 1.97 211.72 20.32 
33 4.95 3.50 386.06 21.42 
31.5 5.52 3.64 401.49 20.43 
27.6 6.57 3.58 395.09 17.95 
27.4 7.52 3.53 389.66 17.83 
I-10 450-08 0.0-3.50 EB 
Limestone 
(AA50) 
III 
30.3 0.00  
61482 
  
29.9 1.46 3.36 370.15 19.46 
31.2 2.95 4.55 505.76 20.13 
28.1 4.00 4.04 446.90 18.21 
26.9 4.95 4.41 489.93 17.42 
24.7 6.31 5.09 567.11 16.01 
 
I-10 450-11 
15.30-
21.84EB 
Limestone 
(AA50) 
III 
42.2 0.00 2.01 
36324 
217.02 28.26 
38.3 1.44 2.73 298.06 25.11 
38.9 2.40 4.43 491.19 25.00 
34.5 3.43 2.94 322.33 22.55 
33.9 4.80 3.61 398.93 21.97 
I-10 450-11 
21.84-
5.30WB 
Limestone 
(AA50) 
III 
40.8 0.00 1.90 
36324 
203.95 27.48 
39.4 1.44 2.73 298.45 25.82 
40 2.40 3.21 353.25 25.99 
34.8 3.43 3.18 350.15 22.65 
33.2 4.80 3.67 405.51 21.51 
 
I-10 450-13 
8.75-12.07 
EB 
Limestone 
(AB37) 
III 
49.3 0.00 2.76 
34667 
302.05 32.22 
41 0.96 4.29 475.86 26.35 
37.5 1.99 2.90 317.27 24.50 
35 3.36 3.51 387.14 22.69 
I-10 450-13 
12.07-
8.75WB 
Limestone  
(AB37) 
III 
49.7 0.00 2.93 
34667 
321.02 32.37 
42.8 0.96    
35.5 1.99 3.06 335.45 23.15 
35.2 3.36 3.46 381.12 22.83 
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APPENDIX B STATE’S SURVEY 
The LADOTD conducted a survey to find the specifications for the aggregate friction quality 
determination. A total of 27 state agencies responded to the survey. The question asked was” 
How do your state’s specifications or procedures ensure that the aggregate used in asphalt mix 
produce sufficient skid resistance?’ A variety of answers obtained from different state agencies. 
The survey showed that few agencies only have a specification for choosing the right aggregate 
for skid resistance. Most of the authorities answered that they have pre-approved aggregate 
sources which have performed well in past and they never had a problem with those aggregate 
sources.  
Only some of the agencies reported that they have thorough test procedures and specifications 
for aggregates before they use it in the asphalt mix for projects. The state agencies responses 
have been summarized. The states have been categorized in five categories. The categories are: 
Category I: No specification for skid resistance. Aggregates are chosen from past performance. 
Category II: Pre-Approved Aggregate Stockpile. 
Category III: Aggregate already classified for their uses based on previous testing and 
performance. 
Category IV: Lab test before approving the aggregate for asphalt mix. 
Category V: Uses field performance with the lab testing for aggregate selection 
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Table B.1 State Survey for Specification on Friction Design 
 
 
 
 
State DOT Category I Category II Category III Category IV Category V 
California X 
    
Connecticut X 
  
X 
 
Delaware 
  
X 
  
Florida 
  
X X 
 
Georgia 
 
X 
   
Illinois 
   
X X 
Indiana 
  
X X 
 
Iowa 
   
X 
 
Kansas 
  
X 
  
Louisiana 
   
X 
 
Maine X 
    
Maryland 
   
X 
 
Minnesota X 
    
Montana X 
    
Nevada 
   
X 
 
New Hampshire 
 
X 
   
New Jersey 
   
X 
 
New York 
  
X 
 
X 
North Carolina X 
    
Oklahoma 
   
X 
 
Oregon X 
    
Tennessee 
   
X 
 
Texas 
   
X X 
Virginia 
   
X 
 
West Virginia 
  
X 
  
Wyoming 
 
X 
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Table B.2 State DOT Which Have or Do Not Have Specification for Friction Mix Design 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
State DOT Do Do Not 
California X 
 
Connecticut X 
 
Delaware 
 
X 
Florida 
 
X 
Georgia 
 
X 
Illinois 
 
X 
Indiana 
 
X 
Iowa 
 
X 
Kansas 
 
X 
Louisiana 
 
X 
Maine X 
 
Maryland 
 
X 
Minnesota X 
 
Montana X 
 
Nevada 
 
X 
New Hampshire 
 
X 
New Jersey 
 
X 
New York 
 
X 
North Carolina X 
 
Oklahoma 
 
X 
Oregon X 
 
Tennessee 
 
X 
Texas 
 
X 
Virginia 
 
X 
West Virginia 
 
X 
Wyoming 
 
X 
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APPENDIX C BPT TEST RESULTS 
Table C.1 Limestone (AA50) BPT Test Result 
 Type of Material: 100% Limestone                       Source: AA50 
 
 
Table C.2 Sandstone (AB13) BPT Test Result 
Type of Material: 100% Sandstone                       Source: AB13 
 
 
 
 
Coupon A B C D E F Average 
BPN Before 
Polishing 
37 40 40 36 37 40 
37 
36 40 40 35 36 39 
36 40 39 35 36 39 
36 40 38 36 35 38 
37 40 37 35 35 38 
BPN After 
Polishing 
(PSV) 
35 30 33 30 30 35 
31 
34 30 31 29 29 34 
32 29 31 28 28 34 
32 29 31 29 28 34 
32 29 31 28 28 34 
Coupon A B C D E F Average 
BPN Before 
Polishing 
45 42 44 47 40 38 
43 
45 41 45 48 40 37 
45 41 44 49 40 38 
45 41 44 49 40 37 
45 41 45 49 40 38 
BPN After 
Polishing 
(PSV) 
38 39 40 38 38 - 
38 
37 37 39 37 38 - 
36 38 39 38 38 - 
36 37 38 38 37 - 
37 37 40 37 38 - 
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Table C.3 Limestone/Sandstone (AA50/AB13) BPT Test Result 
Type of Material: 50% Limestone + 50% Sandstone                       Source: AA50 +AB13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Coupon A B C D E F Average 
BPN Before 
Polishing 
42 41 45 42 40 42 
41 
41 40 44 43 39 40 
41 40 44 43 40 41 
41 40 43 42 40 40 
41 40 43 41 39 40 
BPN After 
Polishing 
(PSV) 
36 36 33 35 37 - 
35 
35 36 34 35 36 - 
34 36 33 35 36 - 
34 35 32 34 37 - 
34 35 32 34 36 - 
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APPENDIX D AIMS TEST RESULTS  
Table D.1 Limestone (AA50) #67 Before Micro-Deval AIMS Result 
 
Particles Standard (≤ 3300) (≤ 6600) (≤ 10000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 2132.6 832.8 46 92.0% 92.0% 4 8.0% 100.0% 0 0.0% 100.0%
9.5 (3/8") 50 1949.9 643.9 48 96.0% 96.0% 2 4.0% 100.0% 0 0.0% 100.0%
4.75 (#4) 49 1930.7 821.0 45 91.8% 91.8% 4 8.2% 100.0% 0 0.0% 100.0%
2.36  (#8) 42 1983.0 809.3 39 92.9% 92.9% 3 7.1% 100.0% 0 0.0% 100.0%
1.18 (#16) 50 2616.9 1009.2 37 74.0% 74.0% 13 26.0% 100.0% 0 0.0% 100.0%
0.60 (#30)
0.30 (#50)
0.150 (#100)
0.075 (#200)
Particles Standard (≤ 260) (≤ 550) (≤ 1000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 351.8 147.3 18 36.0% 36.0% 25 50.0% 86.0% 7 14.0% 100.0%
9.5 (3/8") 50 329.9 111.7 15 30.0% 30.0% 32 64.0% 94.0% 3 6.0% 100.0%
4.75  (#4) 50 284.3 94.6 22 44.0% 44.0% 27 54.0% 98.0% 1 2.0% 100.0%
Particles Standard (≤ 0.3) (≤ 0.7) (≤ 1.0)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 0.69 0.10 0 0.0% 0.0% 25 50.0% 50.0% 25 50.0% 100.0%
9.5 (3/8") 50 0.64 0.11 0 0.0% 0.0% 37 74.0% 74.0% 13 26.0% 100.0%
4.75  (#4) 49 0.60 0.09 0 0.0% 0.0% 45 91.8% 91.8% 4 8.2% 100.0%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 50 100.0% 31 62.0% 10 20.0% 3 6.0% 1 2.0%
9.5 (3/8") 50 50 100.0% 39 78.0% 22 44.0% 5 10.0% 2 4.0%
4.75  (#4) 49 49 100.0% 46 93.9% 24 49.0% 9 18.4% 3 6.1%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 50 100.0% 14 28.0% 3 6.0% 0 0.0% 0 0.0%
9.5 (3/8") 50 50 100.0% 25 50.0% 4 8.0% 0 0.0% 0 0.0%
4.75  (#4) 49 49 100.0% 23 46.9% 4 8.2% 0 0.0% 0 0.0%
0
1
Out of Range
#
L/S ≥ 1:1
0
0
L/S > 3:1 L/S > 4:1 L/S > 5:1L/S > 2:1
F or E >5:1
Flat or Elongated Distribution
F or E ≥ 1:1 F or E >2:1 F or E >3:1 F or E >4:1
0
1
Out of Range
#
0
0
1
0
0
Out of Range
1
Out of Range
#
Low ( ≤ 0.3) Medium ( 0.3 - 0.7) High ( 0.7 - 1.0)
Low ( ≤ 3300 ) Medium(3300-6600) High(6600-10000)
Low ( ≤ 260) Medium (260 - 550) High ( 550 - 1000 )
Out of Range
#
0
0
Texture
#
Sphericity
Flat and Elongated Distribution
0
0
Average
0
Average
Average
Angularity
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Table D.2 Limestone (AA50) #67 After Micro-Deval AIMS Result 
 
Particles Standard (≤ 3300) (≤ 6600) (≤ 10000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 2132.6 832.8 46 92.0% 92.0% 4 8.0% 100.0% 0 0.0% 100.0%
9.5 (3/8") 50 1949.9 643.9 48 96.0% 96.0% 2 4.0% 100.0% 0 0.0% 100.0%
4.75 (#4) 49 1930.7 821.0 45 91.8% 91.8% 4 8.2% 100.0% 0 0.0% 100.0%
2.36  (#8) 42 1983.0 809.3 39 92.9% 92.9% 3 7.1% 100.0% 0 0.0% 100.0%
1.18 (#16) 50 2616.9 1009.2 37 74.0% 74.0% 13 26.0% 100.0% 0 0.0% 100.0%
0.60 (#30)
0.30 (#50)
0.150 (#100)
0.075 (#200)
Particles Standard (≤ 260) (≤ 550) (≤ 1000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 351.8 147.3 18 36.0% 36.0% 25 50.0% 86.0% 7 14.0% 100.0%
9.5 (3/8") 50 329.9 111.7 15 30.0% 30.0% 32 64.0% 94.0% 3 6.0% 100.0%
4.75  (#4) 50 284.3 94.6 22 44.0% 44.0% 27 54.0% 98.0% 1 2.0% 100.0%
Particles Standard (≤ 0.3) (≤ 0.7) (≤ 1.0)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 0.69 0.10 0 0.0% 0.0% 25 50.0% 50.0% 25 50.0% 100.0%
9.5 (3/8") 50 0.64 0.11 0 0.0% 0.0% 37 74.0% 74.0% 13 26.0% 100.0%
4.75  (#4) 49 0.60 0.09 0 0.0% 0.0% 45 91.8% 91.8% 4 8.2% 100.0%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 50 100.0% 31 62.0% 10 20.0% 3 6.0% 1 2.0%
9.5 (3/8") 50 50 100.0% 39 78.0% 22 44.0% 5 10.0% 2 4.0%
4.75  (#4) 49 49 100.0% 46 93.9% 24 49.0% 9 18.4% 3 6.1%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 50 100.0% 14 28.0% 3 6.0% 0 0.0% 0 0.0%
9.5 (3/8") 50 50 100.0% 25 50.0% 4 8.0% 0 0.0% 0 0.0%
4.75  (#4) 49 49 100.0% 23 46.9% 4 8.2% 0 0.0% 0 0.0%
0
1
Out of Range
#
L/S ≥ 1:1
0
0
L/S > 3:1 L/S > 4:1 L/S > 5:1L/S > 2:1
F or E >5:1
Flat or Elongated Distribution
F or E ≥ 1:1 F or E >2:1 F or E >3:1 F or E >4:1
0
1
Out of Range
#
0
0
1
0
0
Out of Range
1
Out of Range
#
Low ( ≤ 0.3) Medium ( 0.3 - 0.7) High ( 0.7 - 1.0)
Low ( ≤ 3300 ) Medium(3300-6600) High(6600-10000)
Low ( ≤ 260) Medium (260 - 550) High ( 550 - 1000 )
Out of Range
#
0
0
Texture
#
Sphericity
Flat and Elongated Distribution
0
0
Average
0
Average
Average
Angularity
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Table D.3 Sandstone (AB13) #67 Before Micro-Deval AIMS Result 
 
 
 
Particles Standard (≤ 3300) (≤ 6600) (≤ 10000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 2821.2 562.7 40 80.0% 80.0% 10 20.0% 100.0% 0 0.0% 100.0%
9.5 (3/8") 50 2693.3 528.3 46 92.0% 92.0% 4 8.0% 100.0% 0 0.0% 100.0%
4.75 (#4) 50 2688.7 586.1 43 86.0% 86.0% 7 14.0% 100.0% 0 0.0% 100.0%
2.36  (#8) 151 2922.4 625.1 117 77.5% 77.5% 34 22.5% 100.0% 0 0.0% 100.0%
1.18 (#16) 51 3583.9 846.4 21 41.2% 41.2% 30 58.8% 100.0% 0 0.0% 100.0%
0.60 (#30) 150 4118.1 1026.1 30 20.0% 20.0% 117 78.0% 98.0% 3 2.0% 100.0%
0.30 (#50) 154 3336.8 1186.5 83 53.9% 53.9% 70 45.5% 99.4% 1 0.6% 100.0%
0.150 (#100) 157 2481.5 1080.1 131 83.4% 83.4% 25 15.9% 99.4% 1 0.6% 100.0%
0.075 (#200) 158 2518.2 1469.1 122 77.2% 77.2% 34 21.5% 98.7% 2 1.3% 100.0%
Particles Standard (≤ 260) (≤ 550) (≤ 1000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 310.4 102.7 17 34.0% 34.0% 32 64.0% 98.0% 1 2.0% 100.0%
9.5 (3/8") 50 364.0 148.7 11 22.0% 22.0% 33 66.0% 88.0% 6 12.0% 100.0%
4.75  (#4) 50 319.3 118.1 17 34.0% 34.0% 29 58.0% 92.0% 4 8.0% 100.0%
Particles Standard (≤ 0.3) (≤ 0.7) (≤ 1.0)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 0.69 0.11 0 0.0% 0.0% 26 52.0% 52.0% 24 48.0% 100.0%
9.5 (3/8") 50 0.64 0.11 0 0.0% 0.0% 35 70.0% 70.0% 15 30.0% 100.0%
4.75  (#4) 47 0.61 0.11 0 0.0% 0.0% 34 72.3% 72.3% 13 27.7% 100.0%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 50 100.0% 30 60.0% 8 16.0% 4 8.0% 3 6.0%
9.5 (3/8") 50 50 100.0% 37 74.0% 19 38.0% 9 18.0% 4 8.0%
4.75  (#4) 47 47 100.0% 37 78.7% 22 46.8% 9 19.1% 5 10.6%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 50 100.0% 15 30.0% 2 4.0% 1 2.0% 0 0.0%
9.5 (3/8") 50 50 100.0% 19 38.0% 7 14.0% 0 0.0% 0 0.0%
4.75  (#4) 47 47 100.0% 23 48.9% 5 10.6% 2 4.3% 0 0.0%
0
3
Out of Range
#
L/S ≥ 1:1
0
0
L/S > 3:1 L/S > 4:1 L/S > 5:1L/S > 2:1
F or E >5:1
Flat or Elongated Distribution
F or E ≥ 1:1 F or E >2:1 F or E >3:1 F or E >4:1
0
3
Out of Range
#
0
0
0
0
0
0
0
0
0
Out of Range
3
Out of Range
#
Low ( ≤ 0.3) Medium ( 0.3 - 0.7) High ( 0.7 - 1.0)
Low ( ≤ 3300 ) Medium(3300-6600) High(6600-10000)
Low ( ≤ 260) Medium (260 - 550) High ( 550 - 1000 )
Out of Range
#
0
0
Texture
#
Sphericity
Flat and Elongated Distribution
0
0
Average
0
Average
Average
Angularity
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Table D.4 Sandstone (AB13) #67 After Micro-Deval AIMS Result 
 
 
 
Particles Standard (≤ 3300) (≤ 6600) (≤ 10000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 2022.6 631.7 48 96.0% 96.0% 2 4.0% 100.0% 0 0.0% 100.0%
9.5 (3/8") 50 1920.3 490.6 50 100.0% 100.0% 0 0.0% 100.0% 0 0.0% 100.0%
4.75 (#4) 48 1618.1 598.7 48 100.0% 100.0% 0 0.0% 100.0% 0 0.0% 100.0%
2.36  (#8)
1.18 (#16)
0.60 (#30)
0.30 (#50)
0.150 (#100)
0.075 (#200)
Particles Standard (≤ 260) (≤ 550) (≤ 1000)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 50 313.0 111.4 19 38.0% 38.0% 30 60.0% 98.0% 1 2.0% 100.0%
9.5 (3/8") 50 267.9 81.6 28 56.0% 56.0% 22 44.0% 100.0% 0 0.0% 100.0%
4.75  (#4) 50 253.0 114.8 34 68.0% 68.0% 15 30.0% 98.0% 1 2.0% 100.0%
Particles Standard (≤ 0.3) (≤ 0.7) (≤ 1.0)
Size in Range Deviation # % Cum. % # % Cum. % # % Cum. %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 49 0.75 0.09 0 0.0% 0.0% 17 34.7% 34.7% 32 65.3% 100.0%
9.5 (3/8") 49 0.66 0.09 0 0.0% 0.0% 34 69.4% 69.4% 15 30.6% 100.0%
4.75  (#4) 50 0.66 0.09 0 0.0% 0.0% 32 64.0% 64.0% 18 36.0% 100.0%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 49 49 100.0% 21 42.9% 4 8.2% 0 0.0% 0 0.0%
9.5 (3/8") 49 49 100.0% 41 83.7% 12 24.5% 4 8.2% 3 6.1%
4.75  (#4) 50 50 100.0% 40 80.0% 14 28.0% 3 6.0% 2 4.0%
Particles
Size in Range # % # % # % # % # %
37.5 (1.5")
25.0 (1.0")
19.0 (3/4")
12.5 (1/2") 49 49 100.0% 9 18.4% 0 0.0% 0 0.0% 0 0.0%
9.5 (3/8") 49 49 100.0% 20 40.8% 2 4.1% 0 0.0% 0 0.0%
4.75  (#4) 50 50 100.0% 19 38.0% 2 4.0% 1 2.0% 0 0.0%
Angularity
Sphericity
Flat and Elongated Distribution
1
1
Average
0
Average
Average
Low ( ≤ 0.3) Medium ( 0.3 - 0.7) High ( 0.7 - 1.0)
Low ( ≤ 3300 ) Medium(3300-6600) High(6600-10000)
Low ( ≤ 260) Medium (260 - 550) High ( 550 - 1000 )
Out of Range
#
0
0
Texture
#
1
0
Out of Range
#
0
0
2
Out of Range
0
Out of Range
#
1
0
Out of Range
#
L/S ≥ 1:1
1
1
L/S > 3:1 L/S > 4:1 L/S > 5:1L/S > 2:1
F or E >5:1
Flat or Elongated Distribution
F or E ≥ 1:1 F or E >2:1 F or E >3:1 F or E >4:1
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